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A bstract
Following the introduction of legislation restricting the manufacture and use 
of coatings containing volatile organic solvents, alternative waterborne coat­
ings are increasingly being adopted for adhesive, protective, and decorative 
applications. Better understanding is therefore sought of the behaviour of 
waterborne coatings during drying and film formation, and of their physical 
characteristics after film formation is complete.
This thesis describes one-dimensional Magnetic Resonance Imaging stud­
ies of the distribution of water and solid particles through the depth of aque­
ous latex layers during drying which investigate how particle distribution and 
concentration are influenced by the competing forces of diffusion and evapo­
ration. The manner in which the balance of these forces affects the formation 
of a crust or dry layer at the latex-air interface is also investigated. In the 
case of acrylic latexes, the same technique has been used to show that, when 
re-wet by the application of further latex during drying, drying layers absorb 
a quantity of water proportional to the water volume haction at the time of 
re-wetting.
A study is also reported in which Nuclear Magnetic Resonance diffusom- 
etry and, for the first time, two-dimensional Nuclear Magnetic Resonance 
relaxation and diffusion correlation and exchange measurements are used to 
investigate waterborne coatings. These methods allow both the pore size and 
the total pore volume of some emulsion paint products to be estimated.
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Chapter 1
Introduction
This thesis describes GARField and Nuclear Magnetic Resonance relaxome­
try  and diffusometry studies of waterborne dispersion coatings. Since the ad­
vent of legislation limiting the use of coatings containing volatile organic sol­
vents in many countries, waterborne coatings are increasingly used in many 
applications for their adhesive, protective, and decorative properties. This 
motivation for research in this area is cited by many authors, including Routh 
and Russel [8 8 ], Salamanca et al [90], Bennett et al [6 ], and Erich et al [37]. 
Typically the vast majority of fumes released into the environment by wa­
terborne coatings when drying are composed of pure water vapour, and are 
therefore harmless both biologically and ecologically. Studies of such mate­
rials have been carried out using a combination of methods, principal among 
which are GARField MR profiling, and one and two-dimensional relaxation 
and diffusion measurements.
GARField (Gradient At Right angles to Field) is a benchtop permanent 
magnet system designed for one-dimensional profiling of thin coatings. Its
design arose as a development of STRAFI imaging, where the high gradient 
fringe field of a superconducting magnet is used in a similar manner for imag­
ing. GARField profiling has the advantages of lower cost, simpler apparatus 
requirements, and better sensitivity due to improvements in field and sample 
geometry [32].
GARField MR profiling allows coatings to be studied during the dynamic 
processes of drying and film formation. The original design was described 
by Glover et al [42]. It has been used to study a range of systems including 
coatings of latex [102], alkyd emulsions [45] and other polymer solutions [27], 
glues [6 ], and human skin, both in vitro [1], [30] and in vivo [67], [30]. This 
work is reviewed by Doughty and McDonald in [32]. A more comprehensive 
review by Mitchell et al [72] also discusses much of this work, together with 
other applications of NMR methods to planar samples of various materials. 
The GARField magnets used for the cited publications are both based on 
permanent magnets; shaped steel pole pieces are used to shape the magnetic 
field so as to achieve a tailored field profile optimal for the purpose. Ouri- 
adov et al [77] published details of an alternative approach tha t can achieve 
similar performance in terms of one-dimensional spatial resolution and tem­
poral resolution, with the additional advantage that imaging gradients need 
not be applied during data acquisition. However, this approach does re­
quire a superconducting solenoid magnet based microimaging system. On 
the other hand, Erich et al [36], [37] described an alternative approach to a 
GARField magnet design, where the shaped pole pieces were mounted on an 
electromagnet based system.
Stray field imaging (STRAFI), first described by Samoilenko et al [91],
was perhaps suggested by the use, by Kimmich et al [60], of the fringe 
field gradient of a superconducting magnet to measure diffusion coefficients 
in highly viscous materials. The STRAFI technique was reviewed in 1997 
by McDonald [6 6 ] and again in 1998 by McDonald and Newling [69]. The 
GARField design arose from this technique as a more optimal configuration 
for performing one-dimensional profiling measurements, with the additional 
advantages of cheaper and simpler apparatus requirements. GARField pro­
filing is also closely related to the earlier NMR MOUSE (mobile universal 
surface explorer) technology described by Eidmann et al [33] and later by 
Brown et al [16]. This consists of a very small (tens of millimetres) per­
manent magnet, which allows excitation of a sensitive region just above the 
surface via a built-in RF coil. Due to the small size of the sensor, it is has 
been used in a variety of applications for making simple NMR measurements 
on many kinds of materials.
Another NMR based approach to forming one dimensional profiles of soft 
or water-containing materials is the surface-GARField magnet. This is a 
development of the GARField configuration which uses a single sided surface 
magnet and RF coil sensor, outwardly similar to the NMR MOUSE, though 
somewhat larger, and again with a tailored field unlike the NMR MOUSE, 
to excite a slice up to tens of millimetres inside the sample. The magnet can 
then be moved towards or away from the sample to relocate the sensitive 
region, and acquire again. In this way, profiles can be obtained of various 
NMR measurable properties of the sample [70]. The system is designed to 
be portable, enabling it to be used to study water ingress into cementitious 
materials in large structures. A similar device, differing in the detail of the
magnet design, has been described by Casanova et al [23].
The GARField magnet design offered a new method to study dispersion 
coatings such as latexes during film formation. This approach has been used 
to provide insight into modelled systems, and indeed is used in this way in 
the work reported in Chapter 6  of this thesis. Chapters 4 and 5, on the 
other hand, describe studies where GARField has been used to study real, as 
opposed to idealised, systems with the objective of comparing their behaviour 
to modelled systems.
Film forming materials have been studied for many years. One of the first 
attempts to create a mathematical model of the process of film formation in 
polymer dispersions was published by Brown in 1956 [15]. The main focus of 
tha t paper was a discussion of the forces on individual polymer particles due 
to the capillary action of the water trapped in the interstices between them. 
Since then, many other authors have contributed to a large literature on film 
forming processes, and the forces driving them. Comprehensive reviews of 
this literature have been written by Keddie [58], and slightly more recently, 
by Steward et al [97]. Distinctions may be drawn between separate stages 
in the drying/film forming processes in various ways. For current purposes, 
it is sufficient to separate these processes into two stages, with a boundary 
at the point where sufficient solvent evaporation has occurred tha t the in­
teractions between polymer particles become significant. Much of the work 
reported here is entirely related to the processes occurring before tha t point. 
A discussion of some simple approaches to modelling the earlier stages of 
drying, when evaporation and diffusion are the dominant forces, is given in 
Section 2 .1 .
Many techniques have been used to study film formation in polymer dis­
persions. Relatively simple methods include Minimum Film Formation Tem­
perature (MFFT) bars, film scratching, and gravimetry. An M FFT bar con­
sists of a plate with a temperature gradient across it, on which a film is cast. 
Film formation will only occur past the point on the bar at the minimum film 
formation temperature of the film[84]. Film scratching uses the resistance 
of the film to mechanical deformation by a specially designed apparatus to 
measure physical characteristics of the film [2]. Gravimetry can be used to 
measure the rate of solvent evaporation from a drying film. It is commonly 
used in parallel with other techniques, such as MRI [76].
Other techniques used to study film formation have included Small An­
gle Neutron Scattering (SANS) [3] is extremely useful for obtaining chemical 
structural information but is unsuited to the present study where micro­
scopic scale information about dynamic processes is required. Techniques 
such as confocal Raman spectroscopy [5] and IR microscopy [46] not suited 
to studying wet layers in depth due to the strong IR absorption by the water 
present in the material. Wet films undergoing evaporative drying are also 
difficult to study using electron microscopy, since most techniques require 
the sample to be electrically conductive, or at least coated in an electrically 
conductive material, and placed in a vacuum [50]. However, Ma et al [63] 
have had some success studying latex films frozen to cryogenic temperatures 
using SEM [63], though they describe difficulties with artefacts such as ice 
formation (rather than amorphous glassy frozen water), damage to the film 
structure during freeze-fracturing, and electron beam damage. Advances in 
environmental electron microscopy [31] and wet Scanning Transmission Elec­
tron Microscopy [13] allow films to be studied with less preparation, but still 
with the disadvantage that they cannot be studied whilst undergoing dy­
namic processes, as they can by NMR methods. This is the key advantage 
of these methods for the current work.
In the early nineteen eighties, Peemoeller et al [79], [80] investigated the 
possibility of using two dimensional NMR relaxation measurements to mea­
sure and identify signals from nuclei in differing physical situations, and 
therefore with differing relaxation behaviour, in complex materials. At that 
time, the difficulty of analysing the data was exacerbated by the lack of read­
ily available computing power and algorithms. However more recently. Song 
et al [94] described and demonstrated a numerical Laplace inversion method 
by which the distribution of exponential NMR relaxation time constants 
present in large two-dimensional data sets from such experiments (described 
in detail in Section 7.1.1) could be obtained reliably, even in the presence 
of noise. The fast Laplace inversion algorithm is described in more detail 
by Venkataramanan et al [100]. Further work applying these techniques to 
distributions of molecular diffusion coefficients, and to experimental tech­
niques for inhomogeneous magnetic fields was presented by Hurlimann et al 
[56]. The initial focus of this work was on saturated rock cores, but the 
applicability of these methods to soft materials was quickly appreciated.
Callaghan and co-workers [43], [20] investigated the use of such methods 
in emulsion based foodstuffs, such as dairy products. They also attempted 
to quantify the type of information tha t could be obtained from materials of 
differing microstructure [18]. They found tha t in both relaxation-diffusion 
and diffusion-diffusion measurements, it was possible to distinguish compo­
nents in the NMR signal relaxation tha t could be associated with different 
molecular environments in those materials. Diffusion-diffusion measurements 
enabled anisotropy and temporal fluctuations in molecular diffusion to be dis­
tinguished, though in the latter case, only quite stable sample materials could 
be studied due to the lengthy experiment time. Hurlimann et al [55] demon­
strated tha t the correlation between diffusion and relaxation can give insight 
into the correlation between rotational and translational diffusion coefficients 
of fluid components in the sample material - further highlighting the range 
of information tha t can be obtained by these techniques. The fact tha t they 
can be carried out in inhomogeneous, low strength magnetic fields was high­
lighted by Hurlimann et al [57] - implying tha t they are relatively cheap and 
simple to implement in many settings. They are therefore potentially well 
suited for the wide range of academic and industrial researchers interested in 
studying chemical coating materials. Investigating their suitability for this 
application was one of the motivations behind the work described here. To 
this end, these techniques have been used to study full-formula paint prod­
ucts tha t were chosen for their varied microstructure. These materials are 
briefly described in Section 2 .2 .
Chapter 2 
M odels and descriptions of 
chemical coatings
2.1 D rying latex  layers
Some simple approaches to modelling the evaporative drying of an infinitely 
wide layer of a latex film are outlined in the following sections. In each 
case the layer is described in terms of just a few parameters, such as height 
and liquid or solid volume fraction. The layer is assumed to be infinitely 
broad, so that the models described here are entirely one-dimensional. It is 
also assumed in each case tha t drying takes place by evaporation of the liquid 
solvent part of the material. This takes place at a constant rate until the layer 
is dry, i.e. until no solvent is left, and no other mechanism either removes 
material from or adds material to the layer. The total amount of solid in the 
layer is therefore always conserved, so it is most straightforward to describe 
the layer in terms of solid volume fraction. The additional assumption is
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made that the layer consists solely of liquid interspersed with solid latex 
particles, so that
0s +  =  1 (2.1)
where 0  ^ is the solid volume fraction and 4>i is the liquid volume fraction. 
A description of a drying layer in terms of solid content and total volume is 
therefore equivalent to one in terms of liquid content.
Initially, when the layer is cast or applied to the substrate, it is assumed 
to have been applied evenly from a bulk fluid state, and to have uniform 
solid volume fraction throughout its depth. The total height of the layer at 
any time during drying is given by:
H  it) = Hq - E t (2.2)
where Hq is the initial height of the layer, E  is the solvent evaporation rate 
(with units of velocity), and t  is the elapsed time. This remains true under 
any description of the distribution of solid and liquid through the depth of 
the layer.
2.1 .1  T ota lly  un iform  drying
The simplest model of a drying layer assumes tha t the layer remains perfectly 
uniform throughout drying. In this case, conservation of solid quantity gives:
<!>THa = 'i>s(t)H(t) (2.3)
where 0 °^^  is the solid volume fraction at time t =  0 , 0 s (t) is the solid volume 
fraction at time t, and H  (t) is the height of the layer at time t. Substituting 
this into Equation 2.2 and rearranging gives:
and for the liquid volume fraction, 0 /:
Expressing the distances and times dimensionlessly, in units of Hq and t' ~  ^  
respectively, these equations simplify to:
<^9 \
<P»(t) =  Y ^  (2.6)
and:
(2.7)
Figure 2 .1  shows the variation in solid (solid line) and liquid (dotted line) 
volume fraction over time according to Equation 2.6 for a layer with an initial 
solid volume fraction of 0.4. These units are chosen for simplicity, so that 
it would take one unit of time for the top surface of a layer drying with 
evaporation rate E  to recede by a distance equal to the full height of the 
layer. Since it has been assumed tha t the initial liquid volume fraction was 
0 .6 , evaporation ends after the top surface has receded by O.QHq, after a time 
of 0 .6  units.
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Figure 2 .1 : Variation in solid (solid line) and liquid (dotted line) volume 
fraction over time with =  0.4.
According to this description of a drying layer, the cross-sections or pro­
files of solid and liquid volume fraction at a series of time steps through the 
drying process would be as shown in Figure 2.2(a) and (b) respectively.
The time interval between each of the profiles in these figures is 0.04 
dimensionless units.
2 .1 .2  T h e influence o f  d iffusion
The simple description of a drying layer given in Section 2.1.1 implicitly 
assumes that diffusion takes place at an infinitely high rate, and that as the 
solvent evaporates the layer instantly re-equilibrates with uniform liquid and 
solid volume fractions. This approach would be expected to give a good 
approximation to the behaviour of a layer where the rate at which polymer 
particles diffuse vertically through the layer is much greater than the solvent 
evaporation rate. It is of course unrealistic in cases where the evaporation 
rate is high relative to the rate of diffusion. Under these circumstances, a
11
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Figure 2.2: a) solid and b) liquid volume fraction profiles generated using 
Equation 2.6 with =  0.4.
gradient appears in the component volume fractions due to the lack of a 
mechanism to replenish the liquid lost from the top surface [45].
Routh and Russel [87] defined a dimensionless Peclet number tha t indi­
cates which of the two behaviours predominates in a given drying layer. It 
is:
P e  = H qEDn (2 .8)
where Hq is the initial height of the drying layer, E  is the solvent evaporation 
rate and D q is the Stokes-Einstein diffusion coefficient for a spherical particle 
of radius r  diffusing through a liquid medium of viscosity 77, which is given
12
by: 1
hT  1»^ = 6^ I
where k is the Boltzmann constant, and T  is the temperature of the system.
The Peclet number is therefore the ratio of two velocities, one representing 
each of the two competing processes of solvent evaporation from the top of 
the layer and particle diffusion through it. The rate at which solvent leaves 
top surface of the drying layer, or the rate at which the top surface of the 
layer recedes as it does so (the two are equivalent) is simple to measure 
experimentally from GARField MR profiles (see Section 4.1.2). The Stokes- 
Einstein diffusion coefficient for the particles can be calculated as long as 
the particle size, temperature and the viscosity of the liquid are known. It 
is divided by the initial height of the layer, measured at the time of casting 
to provide a quantity with units of velocity tha t represents the rate at which 
particles diffuse through the film.
When the solvent evaporation rate is much lower than the particle dif­
fusion rate, the liquid is redistributed in the layer faster than it is lost by 
evaporation. In tha t case, a perfectly uniform layer is expected tha t dries 
similarly to the description given in Section 2.1.1. When the opposite is true, 
the liquid is redistributed more slowly than it is lost, and the water volume 
fraction at the top of the layer is expected to drop faster. This produces a 
layer with non-uniform liquid volume fraction. The turning point between 
these two behaviours is naturally expected to occur when the two velocities 
are equal, and Pe — 1.
As the particles or droplets approach close packing, the nature of the
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material necessarily changes from particles suspended in a liquid to a solid 
structure of randomly close packed particles with water contained in the 
interstices. At this point, consideration of the diffusion coefficient of poly­
mer particles through the solvent clearly becomes inappropriate. Instead, to 
gain insight into the distribution of water through the layer, the transport 
of water through the interstices must be considered. The situation is also 
complicated by the fact tha t when the polymer particles are in close contact, 
their deformation and interdiffusion become significant. The Peclet number 
is therefore only expected to be applicable to films at earlier stages in drying, 
when close packing of the particles has not yet occurred. For randomly close 
packed spherical particles, the solid volume fraction has been experimentally 
established to be approximately 0.637 [92]. A liquid volume fraction of 0.363 
is therefore the minimum point at which the Peclet number is applicable.
2.1 .3  U niform  drying  w ith  a  uniform  crust
As solvent evaporates away from a drying layer, the top surface clearly recedes 
due to the loss of material. An alternative description of drying is based on 
the assumption tha t as this occurs, the particles which were dispersed above 
the new position of the top of the layer are gathered at the top, where they 
form a close packed skin-like layer. Beneath this layer, the original water 
volume fraction is maintained. The layer is therefore assumed to dry with 
uniform liquid volume fraction throughout its depth, except for the skin 
region at the top surface, which consists of randomly close packed particles. 
The term skin is actually a misnomer, since, as drying progresses, the close
14
packed region gradually thickens until it occupies the entire height of the 
layer. This region is therefore referred to as a crust, reserving the term skin 
for a surface layer consisting of film formed (i.e. deformed and coalesced) 
polymer. These assumptions are illustrated in Figures 2.3(a) and (b).
%
VsO
%
VsR
VsO
b) H q  H
Ht H(t) H
Figure 2.3: Solid volume fraction profiles of a layer drying with a uniform 
skin-like crust of randomly close padced particles at the top surface at (a) 
the time of casting, before any evaporative drying has ocurred, and (b) at a 
later time.
Figure 2.3(a) shows a profile of the film in its initial perfectly uniform 
state, before drying has begun. It is identical to the initial condition for 
the model described in Section 2.1.1. Figure 2.3(b) shows the profile at a 
later time, £, when solvent evaporation has reduced the total height to H  (£). 
The lower region, up to the height of transition. Ht (t), remains uniformly 
at és — the initial solid volume fraction. The upper region, above the 
transtion Ht {t) , is also uniform at (j)s ~  , the empirically established
value for randomly close packed solid spheres.
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Proceeding as in the case of a totally uniform layer, conservation of solids 
gives:
^ 1° '%  =  (H  it) -  Ht) (2 .10)
and the total height of the layer is as before:
(2 .11)
Combining these two equations and rearranging them leads to: 
or in the same dimensionless units as Equation 2.6:
Figures 2.4(a) and (b) show solid and liquid volume fraction profiles based 
on this model, using Equation 2.13 to calculate the transition height. It 
has been assumed that the entire interstitial volume in the close packed 
crust is occupied by liquid, and therefore tha t Equation 2 .1  remains true. 
Figures 2.4(a) and (b) show solid and liquid volume fraction profiles produced 
according to Equation 2.13 with 0?^ =  0.4 and =  0.64.
The profiles are calculated for time intervals of 0.15 dimensionless units, 
starting at f  =  0  (the upper and lower profiles on the extreme left of the 
Figure) and ending at t' =  0.45 (the upper and lower profiles on the extreme 
right). As time passes, the height of the base region can be seen to reduce,
16
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Figure 2.4: Solid (a) and liquid (b) volume fraction profiles for =  0.4 
and =  0.64, calculated from Equation 2.13 for times t' = 0 (extreme 
left), 0.15 (left), 0.3 (right) and 0.45 (extreme right).
while that of the crust region increases, until the entire layer reaches close 
packing.
Clearly this is quite a simple description of the behaviour of a drying 
layer, and it is only applicable until the particles across the layer reach close 
packing. After this point is reached, the effects of processes such as particle 
deformation and interdifffusion complicate the situation. In an actual film, 
the transition between the base and surface regions would in general be a 
gradual one, rather than a sharp discontinuity. The situation during drying 
would then be as shown in Figure 2.5.
Routh and Zimmerman have refined the basic model of the drying process 
for a thin film by numerically modelling the variation in solid volume fraction 
in the transition region [89]. They predict tha t the gradient in solid volume 
fraction in the middle of this region is proportional to the square root of the 
Peclet number, and therefore th a t the transition is broader at lower Peclet
17
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Skin: (p,= q>3 R 
Transition
Base: %= (p„
Figure 2.5: Illustration of the distribution of polymer particles during drying 
according to a simple model in which particles immediately reach close pack­
ing at the surface as the solvent evaporates, leaving material in the original 
wet state at the base of the layer, with a transition region separating the two 
regions.
numbers and narrower at higher Pelcet numbers. For Peclet numbers higher 
than ten, the solid volume fraction gradient is expected to be so high as to be 
effectively infinite, and their calculated solid volume fraction profiles closely 
resemble those shown in Figure 2.4(a). For extremely low Peclet numbers, 
the gradient is more shallow, and the solid volume fraction profiles are more 
similar to those shown in Figure 2.2(a). In the intermediate range, the solid 
volume fraction varies smoothly in an S shaped curve between the extreme 
low and high values in the base and crust regions respectively. Figures 2.6(a) 
and (b) show liquid volume fraction profiles in this intermediate range for 
Peclet numbers of 2  and 8  respectively. These are the results of numerical 
modelling work carried out by Routh as part of a collaboration for the study
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described in Chapter 6 . They both show the expected gradual sloping tran­
sition between the base and crust regions. The figures give an indication of 
the variation m the slope of the transition for varied Peclet number.
a)
•f= 0.6
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Figure 2.6: Liquid volume fraction profiles generated by Routh and co­
workers for (a) Pe — 2 (with f  =  0 (solid line, uniform profile), 0.046 
(solid line, varying profile), 0.103 (dotted line), 0,217(dashed line), 0.329(dot- 
dashed line)) and (b) Pe = S (with t' = 0 (solid line, uniform profile), 0.019 
(solid line, varying profile), 0.095 (dotted line), 0.208 (dashed line), 0.359 
(dot-dashed line)).
2.2 M ulti-com ponent system s
Full-formula paint products, such as are used for interior dectorating, are 
typically based on solvent borne polymer latexes, but contain a variety of
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other components chosen to give them the desired physical properties. Typi­
cal components for a waterborne system include the polymer and water parts 
of the emulsion base, pigment, and other additives [99]. As is described in 
Section 2.1, the polymer latex base forms a continuous (and typically trans­
parent) film. A pigment is therefore required to add colour. Typically, TiOg 
is used to produce white paint. The high refractive index of this material, 
up to 2.7 [74], means tha t large amounts of the light incident on a layer of 
the paint is refracted through the particles, and eventually escapes from the 
top surface of the layer. The large amount of light of all wavelengths tha t 
is released in this way produces a white appearance; a greater difference in 
refractive index between the pigment particles and the polymer medium in 
which they are contained produces a brighter white colour. The other ad­
ditives, including mixtures of solvents and surfactants, are typically present 
in small total amounts (no more than a few percent), and are selected to 
give the paint stability so tha t the components will not separate quickly in 
storage.
Pigment volume concentration (PVC) is a useful indicator of the general 
physical properties of a paint layer [78]. It is given by:
where Vp is the total volume of pigment present, and Vb is the volume of 
the binder, i.e. the mixture of polymer and other additives, excluding the 
solvent (water in the present case). Clearly therefore, low PVC paints consist 
mostly of binder material, while high PVC paints consist of closely packed
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pigment particles which are held in place by the smaller amounts of binder 
in their interstices. Low PVC films therefore typically more closely resemble 
pure latexes (which are effectively paint systems with zero PVC), and are 
smoother, continuous films, with greater strength and glossier appearance. 
At the extreme upper end of the PVC scale are physically weaker films with 
chalky texture and m att appearance. In between the two extremes is the 
critical pigment volume concentration (CPVC), the idealised turning point 
between the two extremes of structure and characteristics. This is considered 
to be the point where, as the quantity of binder is increased, all of the air in 
the interstices between the pigment particles is replaced by it [78]. Therefore, 
at PVC below this point, the pigment particles lose direct contact, and are 
entirely surrounded by binder, and at PVC above it, the binding material is 
replaced by air to some extent. In order to provide materials with greatly 
differing physical properties for the studies described in Chapter 7, and more 
importantly, greatly differing microstructure, paints were used tha t were far 
above and far below this point, as will be seen.
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Chapter 3 
The theory of nuclear m agnetic 
resonance
3.1 Introduction
Following the first observation by Rabi [8 6 ] of NMR in beams of lithium 
chloride molecules passing through a magnetic field, the phenomenon of Nu­
clear Magnetic Resonance was observed in bulk m atter by Bloch, Hansen and 
Packard in 1946 [11], and independently in the same year by Purcell, Torrey 
and Pound [85]. Since then, it has become the basis of a range of techniques 
of central importance throughout the physical sciences. It has been used to 
study solids, liquids, and gases, as well as various combinations of the three, 
such as emulsions, biological tissues, and gases or liquids diffusing through 
solid materials. The award of the 1991 Nobel Prize in Chemistry to Richard 
Ernst, for his contribution to the development of high resolution NMR spec­
troscopy, and that of the 2003 Nobel Prize in Medicine to Sir Peter Mansfield
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and Paul Lauterbur, for their independent development of Magnetic Reso­
nance Imaging, are indicative of the continuing importance of the subject to 
various fields. Indeed NMR spectroscopy [38], [29] and MRI [47], [9] have 
become fields of their own, each with a vast literature dedicated to it.
Following the intial discovery of NMR, significant early developments in­
cluded the first work on the explanation of the physical processes driving 
the relaxation of excited nuclei, by Bloembergen, Purcell, and Pound (and 
hence referred to as the BPP theory) [12], and the first report of spin echoes, 
by Hahn [48]. This latter work also formed the basis of the Carr-Purcell- 
Meiboom-Gill (CPMG) technique (see Figure 3.4 and accompanying discus­
sion). This is the pulse sequence developed by Carr and Purcell [22], and 
augmented by the modifications suggested by Meiboom and Gill [71], for the 
study of nuclear relaxation. Stejskal and Tanner [96] built on the previous 
insight tha t spin echoes could also be used to study molecular diffusion by 
introducing pulsed magnetic field gradient techniques, as discussed in Sec­
tion 7.1.2. The same authors also first suggested the applicability of these 
methods to the study of diffusion of confined liquids [98]. The manipula­
tion of magnetic field gradients also allowed the independent introduction of 
NMR imaging, known as Magnetic Resonance Imaging, by both Mansfield 
and Grannell [65] and Lauterbur [62], as has been noted already. The same 
principles of MRI that are of such great utility in medical imaging have also 
been applied to the study of microscopic structures. GARField MR profiling, 
first introduced by Glover et al [42], as described in Section 4.1.2, is one such 
application.
In contrast to imaging or chemical spectroscopy techniques, where fre-
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qiiency spectra encode the desired information about the spatial or chemical 
structure of the object of study [52], the methods described in Section 7.1.1, 
first introduced by Peemoeller et al [80], and successfully implemented by 
Song et al [94], allow two-dimensional spectra of the time constants associ­
ated with nuclear relaxation or diffusion to be produced. The same methods 
are equally applicable to the signal decay constants associated with NMR 
molecular diffusion measurements. These insights offer a new avenue of 
investigation into the physical processes occurring within materials whose 
composition or structure varies over a broad range of length and time scales.
3.2 N uclear m agnetic resonance
When placed within an external magnetic field, a sub-atomic particle, such 
as an atomic nucleus (e.g. carbon 13, sodium 23) or constituent thereof (e.g. 
a single proton), with a magnetic moment adopts one of a set of allowed con­
figurations with respect to tha t field, roughly analagous to the alignment of a 
macroscopic magnet to such a field. Each allowed configuration corresponds 
to a different energy level of the particle. The number of allowed energy lev­
els is dictated by the intrinsic (i.e. non-orbital) angular momentum or spin 
quantum number, / ,  which may have any of the values 0, 1/2, 1, 3/2, 2, ... 
. The actual magnitude of the intrinsic angular momentum, I  (which should 
not be confused with the spin quantum number /) ,  of the particle is given 
by:
(3 .1)
where Ti= — 1.055 x lO'^^J.s is the reduced Planck’s constant, which is 
taken as the unit of angular momentum. The allowed values of the component 
of the vector I  along any arbitrary axis (/^, for example) are given by:
Iz =  m h  (3.2)
where m is the magnetic quantum number, which for a particle with spin 
quantum number I  may have any of the 2 /+ 1  values —7, —7 + 1 , ..., 7 — 1, 7. 
Charged particles with spin I gain a magnetic moment (with units of A .n f ) 
proportional to tha t spin:
// =  'yhl (3.3)
where 7  is the magnetogyric ratio for the particle {— = 42.58 x 10® Hz 
T “  ^ for [53]). The Hamiltonian for the Zeeman interaction between an 
external magnetic field, B and such a magnetic moment is:
=  —/x.B (3.4)
For the external magnetic field B q in the z direction, with the magnetic 
moment operator inserted, this becomes:
=  —'yhlzBo (3.5)
The energy of each level for a particle with magnetic quantum number m  is 
therefore given by:
E{m) = —'yhmBo (3.6)
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For example, in the case of the hydrogen nuclei (protons) studied throughout 
this thesis, the spin quantum number I  is equal to 1/2, which results in two 
distinct energy levels for m =  ± 1 /2  separated by:
A E  =  7 AB0 (3.7)
It is also clear from the foregoing tha t the presence of an external magnetic 
field, Bo, is required to prevent the degeneracy of the nuclear energy levels, 
and allow detectable energy level transitions to take place.
An ensemble of hydrogen nuclei in an external magnetic field will of course 
populate the available energy levels according to the Boltzmann distribution:
=  exp kT (3 .8)^low
where Nkigh^ iow are the populations of the high (m =  +1/2) and low (m =  
— 1/2) energy states respectively, A E  is given by Equation 3.7, k = 1.381 x 
10“ ®^ J /K  [14] is Boltzmann’s constant and T  is the absolute temperature 
of the system. For the example of a system of hydrogen nuclei in an ex­
ternal field of 9.4 T at a temperature of 300 K, the excess of nuclei in the 
lower energy state may be calculated from the following equation, using the 
approximation that, for small x, e“® «  1 — a;:
l^ow ~  Nhigh _  AE 
^ l o w  + E ^ h i g h  ‘^ k T (3.9)
giving a fractional population excess of approximately 3.2 x 10 ® [53]. This 
represents a small net magnetic moment parallel to the external applied field
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over the bulk of the sample. Transitions between energy levels occur via 
three processes: absorption, resulting in a gain in energy by the system, or 
spontaneous or stimulated emission, resulting in a loss in energy. The prob­
ability of spontaneous emission is extremely low for low energy transitions, 
so transitions only occur at detectable rates as a result of interactions with 
an electromagnetic field whose angular frequency is such tha t Tiuj = A E ,  as 
dictated by the conservation of energy. This leads to the well known nuclear 
magnetic resonance condition:
Lj — 7  Bo (3.10)
where a> is the angular frequency of the electromagnetic field (typically in 
the radio frequency range). When the ensemble of nuclei is excited by such a 
field, the probability of transitions between energy levels is greatly increased, 
and the population of the upper energy level tends to increase, so tha t the 
net magnetic moment in the excited material in the longitudinal {z axis) 
direction is reduced to zero, and eventually inverted.
The longitudinal component of the bulk magnetic moment has, in an 
unperturbed system, a stationary value. This is due to the constant value 
of the expectation value of the operator for the two states of the spin 1 /2  
system [4]. Each individual nucleus must be in one of the two energy states 
already discussed; the bulk magnetic moment arises from the summation over 
all of these individual values, and is therefore proportional to the expectation 
value of this operator at any given time. The expectation values of the Ix 
and ly operators, however, vary sinusoidally in time [4]. The transverse {xy
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plane) part of the bulk magnetic moment therefore tends to rotate about the 
longitudinal (z axis) direction at the Larmour frequency, which is equal 
to that given in Equation 3.10.
Quantum mechanical considerations therefore lead naturally to a descrip­
tion of the magnetisation of bulk m atter in terms of a classical magnetisation 
vector in an applied magnetic field B q interacting at certain times with an 
oscillating electromagnetic field, which may in turn be approximated by a 
rotating magnetic field vector, B i. This is insight into the dynamics of nu­
clear magnetic moments during NMR experiments is due to Bloch [10]. It is 
a widely used approach th a t gives a good conceptual understanding of many 
NMR experiments [39].
The classical equation of motion for the magnetic moment of the bulk 
magnetisation M , which represents the summation over the individual nu­
clear magnetic moments, in an applied external magnetic field B =  Bq +  Bi, 
is:
^  =  -yM X B (3.11)
At equilibrium, when the net magnetisation of the ensemble of nuclei is 
aligned with the z axis, and B  =  Bq == Bok, M  is set equal to Mok. In the 
case of an arbitrary magnetisation, M  =  M^-i + Myj -f M^k, the solution is a 
rotation of M  about B at frequency uj£,:
M (t) =  Mx cos(a;Lt)i +  My sin(w^t)j +  M^k (3.12)
This of course matches the prediction of the quantum mechanical approach.
When the B i field is applied in order to excite the nuclei, the situation
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becomes more complicated. In order to simplify the mathematical description 
of the system at this point, it is conventional to switch from the laboratory 
co-ordinate frame {x ,y ,z )  to a new frame of reference {x', y'^z') tha t rotates 
with a frequency ivr, the same frequency as the B i field, about the z  — z' 
axis. Relative to the rotating frame, the magnetisation rotates about z' 
with a frequency D, = ujr — lor. An effective magnetic field parallel to z  of 
magnitude
B e  = —  = B q  — (3.13)7 7
can be defined. In the rotating frame, the magnetisation processes about the 
resultant vector of B i and Bg. In this frame, the situation in the presence of 
B i is then returned to the case of an arbitrary magnetisation in a stationary 
magnetic field. In the simplest case, where lor — lür, B^; =  0, and only B i 
must be considered, as shown in Figure 3.1.
’O Ji
Figure 3.1: An arbitrary processing magnetic moment, M  represented in 
a) the laboratory frame, where it and the B i field are both rotating with 
frequency ujr = ujl in this case, and b) in the rotating frame, where it 
therefore appears stationary, and B g =  0 .
The bulk magnetisation processes about the axis of the B% field, thereby
rotating away from the z axis towards the transverse plane, as shown in 
Figure 3.2. The indicated angle of rotation (in radians) is given by;
=  'yBit (3.14)
The degree of rotation experienced by the magnetisation can therefore be 
determined by controlling the magnitude or duration of the B i pulse. A 
pulse tha t lasts for a time sufficient to rotate the magnetisation precisely 
into the transverse {xy or x'y') plane is referred to as a 90° pulse, a |  pulse, 
or simply as a P90, while one sufficient to rotate the magnetisation into the 
negative z direction is referred to as a 180° pulse, tt pulse or as a P180.
b) r
X ' y'
Figure 3.2: a) shows the bulk magnetisation of an ensemble of nuclei at 
equilibrium in an external magnetic field, while b) shows the same bulk 
magnetisation after a B i pulse has been applied for a short time, rotating 
the magnetisation away from the z' axis towards the transverse plane.
A series of B i pulses (each typically lasting times of the order of mi­
croseconds) applied over a period of time (the duration of which may vary 
from tens of microseconds up to a few seconds in some cases) is referred to
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as a pulse sequence, and it is such a sequence, sometimes with the addition 
of magnetic held gradient pulses, tha t makes up a typical NMR experiment.
Bloch [10] derived equations describing the behaviour of each of the three 
components of M  over time in the presence of the stationary (B q) and ro­
tating (Bi) magnetic fields. In the laboratory frame, they are:
~  7  (MyBo +  AizBi sin cut) (3.15)
=  7  {MzBi coswt -  Mo:Bq) (3.16)
=  —7  {M^Bi sinwt -f MyBi coswt) (3.17)
where B q and B\  are the amplitudes of the stationary and rotating fields 
respectively. The equations usually referred to as the Bloch equations in­
corporate an approximation to the effects of nuclear relaxation processes:
=  7  {MyBQ -f MzBi sinujt) -  ^  (3.18)
— — 7  {MzBi cosiüt — M ^B q) — (3.19) 
=  - 7  (MxRi s m u t  4- MyBi cosut) -  (3.20)at
where are the longitudinal and transverse relaxation times respectively. 
They are time constants for the exponential decay of the magnetisation to­
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wards zero in the case of the transverse component, and towards the initial 
equilibrium magnetisation, Mq, in the case of the longitudinal component. 
These time constants can be measured using appropriate pulse sequences.
3.3 Other interactions
So far, only the Zeeman interaction (see equation 3.5) between individual nu­
clei and the external magnetic field has been considered. In reality, the two 
energy levels introduced by this interaction in spin 1 /2  nuclei are broadened 
by other interactions between the spins and their neighbours and their envi­
ronment, providing more structure to NMR spectra. Some of these processes 
are briefly described here.
The dipolar coupling interaction is analagous to the magnetic interaction 
between macroscopic bar magnets. For two spins Ii, and I2 , it has the 
Hamiltonian [49]:
; 2 ^(Ii.r) (l2.r)\ ^
47T% = 717271^  1 I ^  (3.21)
where r  is the vector joining spins one and two. The strength of the inter­
action between two nuclei is therefore dependent not only on the distance 
separating them but also on the angle between their individual orientations 
and the vector r. In solid materials, any individual nucleus is surrounded by 
many others in locations tha t may vary from nuclues to nucleus. This results 
in a distribution of dipolar interaction energies between each nucleus and its 
neighbours, a fact which causes the lines observed in NMR spectra of solids
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to broaden. When the Hamiltonian is rearranged, following Bleombergen et 
al [12] or Van Vleck [101], it can be shown to average to zero under condi­
tions of rapid molecular motion. The result of this is tha t the resonance line 
broadening seen in solids does not occur in liquids.
Electrons orbiting about a nucleus are induced to orbit such tha t the 
magnetic field produced by their motion is opposite to any external magnetic 
field. This causes nuclei to experience a weaker magnetic field strength, and 
hence undergo precession in NMR with a reduced Larmour frequency. The 
name given to this effect is chemical shift, since it causes nuclei in different 
chemical environments to produce NMR spectral lines with slightly different 
frequencies. A simple mathematical description of this effect is to multiply 
the magnetic field strength by the factor (1  — n), such that the Zeeman 
interaction Hamiltonian becomes [49] :
H cs  =  — (1 — a) (3.22)
where a is known as the shielding constant. Chemical shifts for hydrogen 
nuclei in different chemical environments are typically only a few parts per 
million of the resonant frequency, and are difficult to detect without the use 
of a high field, high resolution NMR system.
Spin-spin or scaler coupling is the name given to the indirect interaction 
between the magnetic fields associated with nuclei present in the sample ma­
terial mediated by electrons in the orbitals surrounding them. Each nuclear 
spin causes a small electron polarization which is transmitted to surrounding 
nuclei due to the delocalization of electrons [19]. The strength of the magnetic
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field experienced by each nucleus is therefore slightly modified according to 
the orientation of surrounding nuclei with non-zero magnetic moments. For 
two identical spins, I i and I2 the Hamiltonian for this interaction is[52]:
Hg =  h J i2l i l 2 (3.23)
where J 12 is the spin-spin coupling constant for the two spins. For an ensem­
ble of nuclei, there is a contribution to the total measurement from nuclei 
with neighbours in each of the possible situations. This produces a two line 
spectrum, with a separate line for the nuclei interacting with a local nucleus 
of each of the two possible orientations.
Of the interactions described in this chapter, dipolar coupling is typically 
the strongest, other than the Zeeman interaction, that occurs during NMR 
measurements. Spin-spin coupling is typically the weakest of the interac­
tions. The line splittings it produces are therefore generally smaller than the 
frequency shifts caused by chemical shielding.
3.4 N M R  relaxation m easurem ents
The simplest NMR pulse sequence is shown in Figure 3.3. It consists of a 
single I  pulse, followed by an acquisition period, during which the current 
induced in the coil by the oscillating transverse component of the sample 
magnetisation is measured. This induced current signal decays away expo­
nentially acording to Equation 3.24, and is referred to as a Free Induction
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Decay (FID) signal.
il4  (r) =  Mo exp ( (3.24)
The time constant is found to be dependent on the magnet design, rather than 
on the specific characteristics of the sample material alone. This is because 
of the unavoidable slight inhomogeneity of any manufactured (or naturally 
occuring) magnetic field, which causes nuclei in differing physical locations to 
process with slightly different frequencies. They therefore dephase, causing 
the measured signal to decay too rapidly to allow nuclear relaxation processes 
to become apparent.
r
Acquisition
 ^ ____
M
t
Figure 3.3: The Tg* measurement pulse sequence (upper part) and the Free 
Induction Decay (FID) signal (lower part).
Figure 3.4 shows the CPMG pulse sequence, already referred to in Sec­
tion 3.1. This sequence is designed to circumvent the effects of magnetic field 
inhomogeneity in order to measure the relaxation of the transverse compo­
nent of the bulk sample magnetization following an initial |  pulse. This is 
achieved by using t t  pulses to repeatedly flip the precessing magnetic mo-
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merits about a rotating transverse axis, so tha t their precession direction is 
reversed, precisely refocusing at a time 2 r  after the initial excitation pulse. 
Each time this is done, the dephasing caused by field inhomogeity is effec­
tively undone, while the dephasing caused by relaxation processes is not. 
When the nuclear magnetic moments refocus, an exponential growth in sig­
nal occurs with a time constant equal to T |, until the peak value is reached, 
after which the signal decays exponentially with the same time constant. 
This is referred to as a spin echo, and the signal it produces is acquired dur­
ing the experiment. The second half of each spin echo is precisely equivalent 
to a free induction decay. This method allows a series of measurements of the 
transverse magnetisation to be made after a single excitation. The amplitude 
of the acquired echoes decays with the spin-spin relaxation time constant T2  
according to:
—ÿ — j  (3.25)
where n is the echo number.
Figure 3.5 shows the inversion recovery pulse sequence, which is used to 
measure the relaxation of the longitudinal magnetisation after inversion by 
an initial t t  pulse. The |  pulse after the delay time r  rotates the longi­
tudinal component of the magnetisation into the transverse plane. During 
the acquisition period, the free induction decay of this transverse magneti­
sation, whose amplitude is of course equal to the longitudinal magnetisation 
component immediately before the |  pulse, may be measured. Typically, 
amplitude measurements are made for free induction decays for several val­
ues of the time r ,  in order to encompass the whole of the longitudinal signal
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Figure 3.4: The Carr Purcell Meiboom Gill (CPMG) T2 measurement pulse 
sequence (upper part) and the series of acquired spin echoes (lower part).
decay. The signal decay then has the form:
(r) =  Mo ^ 1  -  2  exp ( - ^ (3.26)
Clearly, using this method, a separate acquisition is required for each value 
of r ,  so a series of acquisitions must be made in order for Ti to be calculated.
It is common for all NMR measurements to be repeated a number of 
times, in order to calculate an average of the series of measurements that 
has a greater signal to noise ratio (SNR) than each individual measurement. 
Signal averaging in this way over N  measurements results in an increase in 
signal to noise ratio tha t is proportional to \/iV [40]. If this is done, it is 
important to allow the sample system sufficient time to return to the initial 
state in between each measurement. This prevents unwanted coherences 
from building up during the series of pulse sequence acqusitions. On the 
other hand, it can be equally important not to leave the recovery time too
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Figure 3.5: The inversion recovery T\ measurement puise sequence (upper 
part) and the FID following the |  pulse (lower part).
long in order to acquire data within a shorter timescale. As a rule of thumb, 
the experiment repetition delay time, is therefore usually set such that
t r  >  5 T i (3.27)
This allows sufficient time for the longitudinal magnetization to return to 
0.987 times the initial value. In an inhomogeneous sample signal contribu­
tions from nuclear magnetizations with long T\) time constants such that 
this condition is not met will be attenuated more than contributions from 
magnetizations with shorter Ti. In MRI, this can be used to ’weight’ images 
so tha t sample regions with shorter Ti time constants are highlighted. In 
the experiments reported in this thesis, where the signal contributions from 
free water, with relatively long T\ time constants, are being studied, it is 
important to meet the condition of Equation 3.27 whenever possible, and
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experiments have been designed with this in mind.
3.5 R elaxation  processes
Nuclear relaxation has so far only been discussed empirically; the treatment 
of relaxation in the Bloch equations is based entirely on the observation that 
the longitudinal and transverse magnetisation components decay exponen­
tially, as described. The relaxation of the longitudinal magnetisation compo­
nent (Ti relaxation) involves passage of energy away from excited nuclei to 
their surroundings, and is therefore referred to as spin-lattice relaxation. The 
relaxation of the transverse component (Tg relaxation) involves interactions 
occurring between precessing nuclear magnetic moments, and is referred to 
as spin-spin relaxation. Relaxation mechanisms in NMR have been reviewed 
comprehensively by Slichter [93] and more recently by Cowan [28] and Kim- 
mich [59], among others.
As described in Section 3.2, transitions between energy levels only occur 
in detectable quantities by absorption or by stimulated emission, both of 
which require the presence of an external electromagnetic field tha t satisfies 
the resonance condition. The rapid motion of liquid molecules can modulate 
the fields of interactions between nuclei so tha t they meet this condition. If 
these motions are truly random, they can be described by the autocorrelation 
function:
G{t) oc exp {-t/Tc)  (3.28)
which describes the probability of finding correlations between the local field
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around some nucleus over a time interval t. The correlation time, 7 ,^ is a 
measure of the persistance of states in the molecular motion. The Fourier 
transform of the autocorrelation function provides the spectral density asso­
ciated with the motion:
/ OO
G{t) exp {—iüjt) dt (3.29)
-00
which has the form:
Relaxation times depend on the densities of motional frequencies at the ap­
propriate transition frequencies. Taking into account zero, single, and double 
quantum transitions leads to the spin-lattice ( ^ )  and spin-spin (A) relax­
ation rates [19]:
~  = I  +  (3.31)
(3.32)
where the superscripts (0 ), (1) and (2 ) indicate the transition order for each 
spectral density function. Ti’ansitions of all orders rearrange the distribution 
of spins through the sample. The spin-spin relaxation rate therefore includes 
terms for all transition orders considered. The spin-lattice relaxation rate 
includes contributions from only those transitions that involve changes in
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energy levels of the spins, so there is no contribution from zero order transi­
tions. In general the spectral density functions for a given situation cannot 
be found exactly [40]. For the simple case of two spins in a rotating molecule, 
the spectral density functions for each transition order are [19]:
-  1 5 4 1 + X 2
This gives a good qualitative approximation to the behaviour of relaxing 
spin 1 /2  nuclei in a liquid, though spin-spin relaxation diverges from this 
behaviour when uTc »  1. Figure 3.6 a) shows typical spectral density 
functions for Tc =0.001, 0.005 and 0.02 seconds (i.e. high, medium and 
low temperatures). Typical laboratory NMR frequencies are in th^ middle 
of this range. It can be seen that the spectral density in this region is 
greatest for intermediate temperatures, while it decreases for extremes of 
temperature. The spin-lattice relaxation time therefore behaves similarly, as 
shown in Figure 3.6 b). Similar behaviour is seen as the NMR frequency is 
varied. At low temperatures or frequencies (below the minimum in T]) T2  
diverges from T\. Wlien lutc »  1, as the rigid lattice limit is approached, T2  
asymptotically approaches a fixed low value determined by the distribution 
of the local field in the absence of motion.
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Figure 3.6: a) Spectral density functions for three values of Tc, representative 
of low (dots), high (solid), and intermediate (dashes) temperature behaviour, 
b) The variation of the Ti relaxation time constant for a range of correlation 
times, Tc. The correlation time is inversely proportional to temperature. The 
plots are for three NMR frequencies: w =  4 Hz (dots), w =  2 Hz (dashes) 
and w =  1 Hz (solid).
Classically, the torque acting on the magnetic moment of an individual 
nucleus is given by the cross product of the external field with tha t mag­
netic moment. Since spin-lattice relaxation involves only the longitudinal 
component of the nuclear magnetisation, only external field components in 
the transverse directions will produce a torque and act to aid relaxation. 
Spin-lattice relaxation can therefore only occur in the presence of rapidly 
moving magnetic fields with components in the transverse xy  plane. Simi­
lar arguments show tha t spin-spin relaxation occurs in the presence of both
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stationary magnetic field components in the longitudinal z direction as well 
as rapidly moving field components in the transverse plane. This additional 
low frequency contribution to spin-spin relaxation means that Tg is always 
shorter than Ti [39].
Unpaired electrons give rise to large magnetic fields which can interact 
via dipolar coupling with the surrounding nuclei. This interaction provides 
a very efficient relaxation mechanism due to the size of the dipole moment 
of the electron. It is therefore common to substitute a weak copper sulphate 
solution for water in NMR measurements where a short relaxation time is 
required. Doing so can reduce the relaxation time by an order of magnitude 
over tha t of pure water. This effect was first observed by Bloch et al[11].
3.6 G A R Field  M R  profiling
A GARField magnet consists of two permanent magnets with steel pole pieces 
whose shape is designed to produce a large magnetic field gradient in the ver­
tical direction (approximately 17.5 Tm~^ in the present case). The magnet 
used for the experiments reported here is shown in Figure 3.7. A cross sec­
tion through the magnet and pole pieces, indicating the sample location and 
magnetic field geometry is shown in Figure 3.8. This allows high resolution 
profiling in the vertical direction since depth is labelled by resonant frequency. 
The wide variation in nuclear resonance frequencies that results makes it es­
sential to use a radio frequency pulse with a broad enough bandwidth to 
excite all of the spins in the chosen region. The bandwidth of a pulse with 
a rectangular envelope (i.e. a single radio frequency tone transm itted for a
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finite period) is inversely proportional to its duration. The full width at half 
maximum amplitude for such a pulse of duration T  is approximated by [9] :
1 21-:-r- (3.36)
The thickness of the excited region in the GARField magnet is then given 
by:
=  ^  (3.37)
where Gy is the gradient of the magnet in the vertical direction, as indicated 
in Figure 3.8. A Fourier transform of the excited signal produces a' direct 
profile of frequency components in the time signal, which is equivalent to 
a profile of the variation in the NMR signal amplitude excited through the 
depth of the sample. The field of view of the system is limited according to 
Equation 3.37. Where the bandwidth of the excited signal is not the same 
as tha t of the receiver, the lesser of the two of course provides the actual 
limitation.
The large field gradient of the GARField magnet leads to rapid dephasing 
of nuclear magnetization, such tha t the time constant is very short (see 
Section 3.4) for NMR signals excited within it. It is therefore desirable in 
GARField MR profiling to use a pulse sequence tha t produces echoes in the 
sample, such that the spins are refocused. The rapid signal dephasing within 
the GARField magnet would otherwise make an FID signal difficult to detect, 
due to the receiver dead time. The quadrature spin echo sequence
( ^ a ^ - T  -  [ a y - T  -  echo -  r)^ ^  -  (3.38)
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Figure 3.7: The GARField magnet. The whole device is approximately 30 
cm wide, and 18 cm high. The coil assembley and sample are lowered in 
between curved surfaces of the two pole pieces, which are visible in the right 
hand photograph.
has been used for the measurements reported here. This sequence has the 
advantage over conventional spin echo based methods that both RF pulses 
are of identical duration, and therefore select identical regions of the sample 
[8]. Another approach is to use a conventional spin echo sequence where the 
180° pulse has identical duration to the 90° pulse, but greater amplitude, as 
discussed by Benson and McDonald [7]. The quadrature echo sequence also 
partially refocuses dipolar broadening, and therefore can allow detection of 
signals from materials with very short T2 when sufficiently short echo times 
are used [81], [64]. The pulse flip angle, q, varies through the depth of the
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sample due to the variation in the sample resonant frequency with magnetic 
field strength. It is optimally set to 90® at the centre of the sample to 
maximise the excited signal. However this variation causes varying signal 
strength through the depth of the sample. This variation is removed from 
measured profiles by normalising them with a profile of a sample of uniform 
material, as will be shown in Chapter 4.
y [cm]
Sample
locaiiun
2 -
- 6 -
Figure 3.8: A cross section through the GARField magnet showing the sam­
ple location in relation to the magnets and pole pieces. The coil is located 
directly below the sample.
All of the Ns  recorded echo trains are co-added to improve the signal 
to noise ratio. To further improve sensitivity, the N e echoes are also added 
together. This produces a single time domain echo signal, which is Fourier
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transformed to yield the frequency domain signal. This is of course equiv­
alent to a one dimensional spatial domain profile of the MR signal in the 
sample material. The signal is proportional to a summation of the density of 
resonating protons in each sample component, each weighted according to a 
factor dependent on the ratios of r  to T2 and tr to T\. The parameters listed 
in Table 3.1 were used to obtain all of the GARField profiles presented here 
unless otherwise stated, allowing profiling with a resolution of approximately 
15 microns.
Parameter Value
Spectrometer frequency (MHz) 29.6
Receiver bandwidth (kHz) 833
CKa: pulse dui'atioii (/is) 1.3
ay pulse duration (/us) 1.3
r  (/xs) 95
TR (s) 3.5
Number of spin echoes, N r 32
Number of acquisitions, Ns 32
Table 3.1: Parameters used for GARField profiling.
Molecular diffusion is another important consideration in GARField MR 
profiling. Echo based sequences such as those discussed above have the ad­
vantage that any dephasing of nuclear magnetization caused by the inhomo­
geneity of the external magnetic field is refocused before acquisition. How­
ever, if the nuclei are not in the same location during rephasing as they were 
during dephasing (i.e. before and after the refocusing radio frequency pulse), 
some net phasing will occur. For a simple pulse sequence of the form:
(excitation) — r  — (refocus) —r  — echo (3.39)
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the resulting signal will be attenuated according to:
M(2r) =  Mo exp (3.40)
where D is the molecular diffusion coefficient and G is the magnitude of the 
field gradient. This can lead to mobile nuclei exhibiting shorter apparent T2 
time constants than they otherwise would. In a GARField profile produced 
from a series of co-added echo signals, this can also lead to a reduced apparent 
signal intensity. In the experiments described in this thesis, the echo time 
was minimised as far as possible in order to reduce these effects. However 
the requirement to acquire sufficient data in between each refocusing pulse to 
create a high resolution profile places a competing constraint on this aspect 
of experiment design.
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Chapter 4 
G ARField M R studies of film  
formation: pure and blended  
acrylic em ulsions
4.1 Introduction
This chapter describes studies tha t have been carried out to explore the 
behaviour of an acrylic emulsion, and blends of the same emulsion with acrylic 
miniemulsions, during the uninterrupted drying and film formation processes.
The objective of this work has been to gain understanding of the ways 
in which blending the pure acrylic emulsion with miniemulsions modifies the 
behaviour of the mixture. As was described in Chapter 1, it is expected 
that when the Peclet number of a drying film is increased to greater than 
unity, the uniformity of the water volume fraction through the depth of the 
film is reduced. The first part of this chapter asks whether this remains
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true for acrylic emulsions. The aim, then, is to answer the question: does 
a higher Peclet number always result in a greater water volume fraction 
gradient through the film during drying?
4 .1 .1  M ateria ls and m eth o d s
The particular materials under study are a pure acrylic emulsion, and two 
blends of the same acrylic emulsion with 50 wt% of acrylic miniemulsions of 
differing glass transition temperature and particle size, all used as supplied 
by ICI Paints. The relevant properties of these materials are summarised in 
Table 4.1. The mean particle sizes, which were used to estimate the Peclet 
number in drying experiments, are calculated from the particle size distribu­
tions shown in Figure 4.1. The data are from light scattering measurements 
carried out by ICI Paints using a Mastersizer 2000, manufactured by Malvern 
Instruments Limited. Due to the differing refractive indices of the polymer 
droplets and the water in which they are immersed, all three of the materials 
refract light of all visible wavelengths well, and therefore appear white and 
opaque when wet [54]. As water evaporates away during drying, polymer 
droplets come into contact, and the water regions in the interstices shrink. 
When they become too small to scatter visible light, i.e. when the average 
void size is well below the minimum wavelength of visible light (400 nm), the 
materials become transparent [58].
Layers of these materials were cast on to 18 x 18 mm glass coverslips 
that were chosen to allow them to be accommodated within the GARField 
magnet. A thin wooden stirring rod was used to apply the material dropwise
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Pure acrylic emulsion Blend one Blend two
Tg of emulsion component (°C) 15 15 15
Tg of miniemulsion component (®C) - -4 20
Miniemulsion content (wt%) 0 50 50
Mean particle size (/^m) 1.1 0.8 1.0
Total solid volume fraction 0.46 0.39 0.435
Solvent H2O H2O H2O
Mean bulk Ti (s) 0.55 0.40 0.39
Mean bulk T2 (s) 0.11 0.07 0.05
Table 4.1: Properties of the acrylic emulsion and blends studied in Chapters 4 
and 5.
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Figure 4.1: Particle size distributions for the pure acrylic emulsion (solid 
line), blend one (dotted line), and blend two (dashed line).
to the cover slip, and then to spread it as evenly as possible across the surface. 
Production of an even layer is aided by the liquid/air interfacial tension at 
the upper surface of the layer, which tends to even out local non-uniformities 
in the surface of the layer. However, the same process causes the layer to 
visibly form a broad droplet on the coverslip, as shown in Figure 4.2. This is 
an inevitable consequence of making an emulsion layer of such a small area. 
Fortunately, the RF coil used to excite spins and detect the MR signal in 
GARField is only sensitive over a region approximately 3 mm in diameter in 
the centre of the sample. Though this area of the sample is flat to a good
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approximation, the fact tha t it is slightly curved must be considered when 
interpreting profiling data, as must the possibility of lateral water transport 
occurring within the layer, as will be seen. The layer is expected to have 
initially uniform composition, due to shaking of the material prior to casting.
sensitive region
emulsion droplet
glass coverslip
RF coll
Figure 4.2: Cross section of an emulsion layer after casting on a glass coverslip 
(exaggerated vertically).
The Peclet numbers of drying layers were altered by varying the solvent 
evaporation rate at the top surface. This was achieved in two ways. The 
first method was to enclose the sample within increasingly high PTFE tubes, 
which were superglued onto the coverslip on which the sample was cast be­
fore the experiment, as shown in Figure 4.3. Evaporation of the solvent is 
then limited by the rate of diffusion of the moisture through the tube. This 
diffusion is driven by the gradient in relative humidity at either end of the 
tube. The water vapour flux is given by:
F  =  (4.1)
where is the diffusion coefficient of water vapour in air, h is the height of
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the tube, and Ci,2 are the concentrations of water corresponding to the relative 
humidity at the base and the top of the tube respectively [25]. The relative 
humidity at the base will be close to 100%, while that at the top may be 
measured, since it is simply the relative humidity of the air in the laboratory. 
The evaporation rate is inversely proportional to the height of the tube. 
Equation 4.1 offers a means of establishing the approximate evaporation rate 
from the drying sample layer. However, in the studies reported here the 
evaporation rates were measured directly from the decreasing height of the 
drying layers as described in Section 4.1.2, so such a calculation was not 
required. For the same reason, it was not necessary to record the temperature 
and humidity during experiments.
To obtain an extremely low evaporation rate, another glass coverslip could 
be sealed over the top of the PTFE tube with a small aperture left open, 
restricting the airflow further. This approach allowed the drying time of an 
acrylic layer to be extended from a matter of hours to several days.
The second method used to alter the solvent evaporation rate was to 
introduce a gentle airflow over the sample. This has the effect of increasing 
the evaporation rate, and hence the Peclet number. The airflow needed 
careful control to ensure tha t it did not mechanically deform the top surface 
of the layer during the experiment. In each case where this method was used, 
the airflow was set at such a low flow rate tha t it was impossible to measure 
it precisely. However, this fact is of little practical importance since the 
resulting evaporation rate could be measured as described in Section 4.1.2.
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Figure 4.3: Cross section of an emulsion layer after casting on a glass coverslip 
within a PTFE tube, as used for altering Pe  and containing second layers in 
re-wetting experiments (not to scale).
4 .1 .2  G A R F ield  profiling and d a ta  in terp reta tion
GARField MR profiling, as described in Section 3.6, has been used to allow 
the variation in liquid volume fraction with depth in a drying layer to be 
continually monitored throughout the duration of the experiments.
Figure 4.4(a) shows a typical profile of a wet, freshly applied layer of 
the pure acrylic emulsion. It was measured in the GARField magnet using 
the parameters listed there in Table 3.1. In some early experiments (not 
included here) an alternative parameter set was used with relaxation delay 
time, Tji = ^ s and number of acquisitions, N s  =  256. This was prior to the 
realisation tha t increasing the relaxation time to 3.5 s increased the signal 
intensity sufficiently, due to the reduced spin lattice relaxation attenuation, 
tha t there was no decrease in signal to noise ratio despite the reduced number 
of acquisitions. The parameters listed in Table 3.1 result in a slight loss 
of temporal resolution (a single profile is measured in approximately 112 s
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instead of approximately 85 s, when tr ~  ^ s and Ns = 256 are used), 
but this is more than offset by the reduction in Ti related artefacts (see 
Section 3.4) in wet emulsion layers.
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Figure 4.4: A single GARField profile of a layer of pure acrylic emulsion a) 
measured data, b) rubber phantom profile for normalisation, c) normalised 
data with error bars, and d) smoothed data.
In the Figure 4.4(a), the base of the layer is to the left, with the marker 
tape visible at a height of approximately -150 microns, that is 150 microns 
below the base of the acrylic layer. The signal produced by the layer itself 
is located between 0 and 320 microns. The region above approximately 320 
microns in the profile, where there is no signal, represents the air above the 
sample. As time elapses, it dries by evaporation from the top surface of 
the layer, which is to the right of the profile. The RF probe, which is not
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visible, is directly below the marker tape. The profile has a non-uniform 
appearance due to the variation in the RF pulse flip angle through the depth 
of the layer. Normalisation with a profile of a uniform elastomer phantom, 
shown in Figure 4.4(b), by dividing each point in each of the sample profiles 
by the equivalent point in the elastomer profile corrects for this artefact. 
The elastomer phantom is placed directly onto the marker tape, without a 
coverslip, so tha t its base is lower than tha t of a normally positioned sample. 
The base of the sample is therefore normalised correctly. The resolution of 
profiles measured using the parameters listed in Table 3.1 is approximately 15 
microns. This high resolution means tha t making the sample level relative to 
the magnetic field to within the resolution of the profile is not straightforward. 
To achieve this, the sample cradle, which suspends the sample and RF coil 
within the magnet, is adjusted using three screws, whilst a droplet of oil 
on a glass coverslip is repeatedly profiled with the system. The screws are 
adjusted to minimise the width of the step in signal intensity representing 
the base of the droplet.
The normalised profile of the acrylic emulsion layer is shown in Fig­
ure 4.4(c). The step in profile intensity caused by the bottom surface of 
the acrylic layer is approximately three points (approximately 25 microns) 
wide. Hence the layer does not appear to be perfectly level relative to the 
magnetic field. Despite this appearance, the profile is actually unusually well 
levelled. The best that can possibly be achieved would result in the slope 
in signal intensity from 0 to approximately 1.2 arbitrary units taking place 
over three points (i.e. the first at 0 arbitrary units, the last at 1.2, and 
the middle point at some intermediate intensity level). This is due to the
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fact that even if the level were perfectly level, so that the base of the layer ]
ought to be represented by a vertical step in intensity, the step would occur 
within the resolution width of one pixel. This pixel would therefore include 
an amount of the depth of the glass substrate, which produces no signal, and 
a proportionate amount of the depth of the sample, which of course does. It 
would therefore have an intermediate intensity value. For this effect not to 
occur, the perfectly level base of the sample layer would have to fall precisely 
on the boundary between two pixels resolution widths, which, for practical 
purposes, is infinitesimally small [19]. Because of this effect, the slope in in­
tensity at the base of a flat sample is typically three or four data points wide.
The greater slope indicated at the top surface of the layer, between 250 and 
320 microns height, is caused by the slight curvature of the top surface of the 
layer. Figure 4.4(d) shows a smoothed plot of the same data. Each of the 
presented experiments, where many GARField profiles have been measured, 
are presented in this manner for greater clarity.
Smoothing has been carried out using:
=  ^  +  |  +  ^  (4.2)
where yn is the intensity of the n th  profile point, and is the smoothed value 
for tha t point. The variation in sensitivity of the system due to the varying 
RF pulse flip angle is just discernibly reflected in the slightly widening error 
bai's to the extreme right of Figure 4.4(c). Clearly, over the height of such 
a layer, the variation in the precision of the signal measurement is slight, 
though for thicker layers it can become more significant. Figure 4.5 shows a
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time series of smoothed profiles from the continuation of the same experiment 
from which the data shown in Figure 4.4 was taken. These profiles, starting 
from the top of the figure, were measured 2, 82, 110, 125, 135, 143, and 152 
minutes after the layer was cast. The reduction in the height of the layer 
over time, and simultaneously in the water volume fraction, are reflected 
in the decreasing height of the profiles and the reduction in their intensity 
respectively.
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Figure 4.5: GARField profiles of a layer of pure acrylic emulsion drying with 
Pe =  7 ±  1 (see later for explanation), measured 2, 82, 110, 125, 135, 143, 
and 152 minutes after the layer was cast, starting from the top of the figure. 
The parameters listed in Table 3.1 were used. See text for further details.
In acrylic emulsions and equally in blends of more than one emulsion, the 
weighting of the NMR signal from water is much greater than th a t of the 
polymer, so the signal intensity is expected to reflect the water content well 
[45]. Also supportive of this is the fact that dry, film-formed layers produce 
no signal in GARField, despite the fact that polymer droplets are believed to 
continue to interdiffuse and cross-link for extended periods after evaporation 
has ceased [58]. To further justify this argument, a comparison has been
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made between the mean water volume fraction in the layer and the mean 
signal intensity in each profile measured in the experiment from which the 
profiles in Figures 4.4 and 4.5 were taken. The water volume fraction values 
were calculated from the total height of the layer in each profile. Assuming 
tha t the water volume fraction of the layer is uniform through its depth, as 
it appears to be from the profiles, the mean water volume fraction, can 
be calculated from:
(«)
where Hq is the initial height of the film, is the solid volume fraction 
of the layer when initially cast (i.e. at time t =  0), and H{t) is the height 
of the film at the time that the profile was measured. The total height 
of the profiles, including the slope in signal intensity at the top surface, 
has been assumed to be representative of the height of the layer. This is 
justifiable, since liquid emulsion layers visibly form a broad droplet shape, 
as was discussed in Section 4.1.1.
The data are shown in Figure 4.6. Each data point is from a separate pro­
file measured during a single drying experiment. Heights are measured with 
a resolution of approximately 15 microns, so in some cases, multiple points 
appear with apparently identical heights. The data strongly suggest that 
there is an approximately linear relationship between the measured profile 
signal intensity and the water volume fraction in the sample. It is therefore 
justifiable to assume tha t the water volume fraction scales linearly with the 
measured signal intensity in profiles of this particular material when these 
experimental parameters are used. This remains true as long as the Ti time
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Figure 4.6: Comparison of the calculated water volmne fraction based on pro­
file width and mean profile signal intensity in a layer of pure acrylic emulsion 
drying with Pe =  7 ±  1 and with the experimental parameters listed in Ta­
ble 3.1. Points near the top right are early in drying, points to the lower left 
are from later. Each point is calculated from the height of a single profile 
during the experiment, resulting in multiple points for some values due to 
the resolution limit of the apparatus.
of the sample material is sufficiently shorter than the repetition delay used 
during the experiment. As described in Section 3.5, in ideal conditions, the 
repetition time th in any NMR experiment should be set to a sufficiently long 
time tha t the condition of Equation 3.27 is met. Figure 4.7 shows an example 
of a drying experiment where the shorter repetition delay time, t/j =  |  s was 
used, so tha t this condition was not met. The sample is a layer of the pure 
acrylic emulsion drying with a Peclet number of 330 ±  30.
Figure 4.7 shows the layer reducing in height over time, but not reduc­
ing in signal intensity until late in the drying process. This might naively 
be assumed to indicate a reduction in height without any change in water 
volume fraction - which is clearly impossible, unless some process other than 
evaporation is at work. The explanation is indicated by Figure 4.8, which
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Figure 4.7: GARField profiles of a layer of pure acrylic emulsion drying 
with Pe = 330 ±  30, measured with =  1/3 s so that the condition of 
Equation 3.27 is not met.
shows the comparison of the signal intensity in each profile in Figure 4.7 (and 
others measured in between) and the water volume fraction calculated from 
the apparent film height in each profile.
In this case, the profile signal is not linearly related to the water volume 
fraction, (f)^  ^ a t early times when it is above approximately 0.2. This means 
that it is impossible to distinguish changes in the water volume fraction in 
this material until it reaches this value, quite late in drying. The condition of 
Equation 3.27 is met at the point when ps 0.2 because the Ti time of the 
sample is reduced as it dries. After this point has been reached, the signal 
intensity in the profile gives a good indication of the water fraction.
It should also be noted that, due to the high Peclet number of the ex­
periment illustrated in Figure 4.7, the water volume fraction is not expected 
to be uniform through the depth of the layer. Elsewhere Equation 4.3 has 
only been used to calculate the water volume fraction from the lowest Peclet 
number data available, i.e. the series with the most uniform profiles, for each
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Figure 4.8: Comparison of the calculated water volume fraction based on pro­
file width and mean profile signal intensity in a layer of pure acrylic emulsion 
drying with Fe =  330 ±  30 and with the experimental parameters listed 
in Table 3.1, but with Ns =  256 and =  1/3 s so tha t the condition of 
Equation 3.27 is not met.
material. This was to ensure tha t the height of the layer at any given time 
could be estimated accurately. In non-uniform profiles where the water vol­
ume fraction and hence the signal intensity is low near the top of the layer, 
it can be more difficult to judge precisely the distinction between low signal 
at the top of the drying layer, and pure noise above it.
Figure 4.9 shows the variation in height over time from the profiles pre­
sented above in Figure 4.5, and from others measured in between. The 
gradient of a line through these data points gives an estimate of the solvent 
evaporation rate; it is 8 T  1 x 10“® m/s. Extrapolating the evaporation rate 
gradient back to the time of application of the layer also allows the initial 
height of the layer to be found; it is 338 ±  8 x 10“® m. The Stokes-Einstein 
diffusion coefficient of the polymer particles is given by Equation 2.9, repro-
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Figure 4.9: Variation in height of a layer of pure acrylic emulsion during 
drying and film formation. The gradient of the best fit line (solid line) is the 
evaporation rate; it is 8 db 1 x 10“® m/s. This allows the Peclet number of 
7 ±  1 to be calculated, as described in the text.
duced here:
D() = kTQiTTjr (4,4)
It is assumed tha t the viscosity of the liquid medium, r], for each sample ma­
terial is tha t of pure water (10“  ^ Nsm“  ^ =  10“  ^ Pa.s [103]). The Boltzmann 
constant, k is 1.381 x 10“ ^^  J /K . For the experiment presented in Figures 4.5 
and 4.9, the particle radius, r, is found from the particle size distributions 
in Figure 4.1 (6 ±  1 x 10“  ^ /^m), and the temperature, T, is tha t of the 
laboratory: 294 ±  4 K. The resulting Stokes-Einstein diffusion coefficient is 
3.7 ±  0.7 X  10“ ^^  m^/s. The Peclet number is given by Equation 4.5, which 
is reproduced here:
Pe  = HoEDo (4 .5)
The Peclet number for this example is therefore 7 ±  1.
The discontinuity in the gradient of the plot in Figure 4.9, at approx-
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imately 5500 s (around 90 minutes) in this case, is a common feature in 
GARField drying experiments. Usually with the materials described in Ta­
ble 4.1, it marks an increase in the rate of loss of solvent. One likely explana­
tion is that this was caused by lateral drying fronts at the edges of the film. 
As moisture is lost from these fronts, and they move in towards the centre of 
the film, an additional lateral flow of moisture away from the centre is set up 
which increases the rate of loss of solvent in the central region as illustrated 
in Figure 4.10 [25]. This only influences profiles late in the drying process, 
and so does not have a large effect on interpreting the data.
solvent flow drying
to dry regions emulsion layer
lateral drying fronts
Figure 4.10: Flow of moisture towards lateral drying fronts at the edges of 
the film (not to scale).
Occasionally a decrease in the solvent loss rate is observed instead. This is 
understood to be caused by an actual reduction in the evaporation rate as the 
suspended particles in the material reach close packing, so that evaporation 
is limited by either the rate of diffusion through the close packed particles, 
or the effective reduction in the evaporating solvent surface area caused by 
the close packed particles.
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In some unusual cases, an apparent decrease in solvent evaporation rate is 
seen very early in the drying process. This is thought to be due to spreading of 
the wet layer during the first few minutes after casting, which causes thinning 
within the sensitive region of the probe. This in turn artificially increases the 
apparent solvent evaporation rate, such tha t it appears to decrease when the 
droplet spreading process stops and the actual evaporation rate is observed.
4.2 Pure acrylic em ulsion
Figure 4.11 shows time series of profiles for GARField experiments conducted 
as described above with the acrylic emulsion described in Table 4.1 with 
Peclet numbers varied from 7 (Figure 4.11(a)) up to 362 (Figure 4.11(d)). 
This illustrates the wide range of values tha t can be obtained under good 
conditions using simple methods of evaporation rate control. Figure 4.11(a) 
shows the same profiles as Figure 4.5, presented again here for comparison 
with the other data. Each series of profiles shows similar general behaviour 
during drying. As described in Section 4.1.2, the time series of profiles for 
each experiment show thinning over time as material is lost through solvent 
evaporation, together with reduction in signal intensity as the sample water 
content is reduced.
The parameters listed in Table 3.1 were used in all four experiments. The 
signal intensity in the profiles is therefore highly representative of the water 
fraction in the sample layer, as discussed in Section 4.1.2. The profiles shown 
in Figure 4.11(a) were measured 2, 82, 110, 125, 135, 143, and 152 minutes 
after the layer was cast, in Figure 4.11(b), 2, 23, 32, 38, 44, 48, and 57
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Figure 4.11: GARField profiles for pure acrylic emulsion layers drying with 
Peclet number a) P e =  7 dr 1 (measured 2, 82, 110, 125, 135, 143, and 152 
minutes after casting), b) P e =  22±  4 (2, 23, 32, 38, 44, 48, and 57 minutes 
after casting), c) Pe =  74 rfc 5 (2, 13, 21, 25, 29, 32, and 57 minutes after 
casting) and d) Pe =  360 dr 33 (2, 6, 11, 15, 17, 19, 21, and 28 minutes after 
casting), all measured using the parameters listed in Table 3.1.
minutes after casting, in Figure 4.11(c), 2, 13, 21, 25, 29, 32, and 57 minutes 
after casting, and in Figure 4.11(d), 2, 6, 11, 15, 17, 19, 21, and 28 minutes 
after casting.
It is striking tha t the signal intensity of the freshly cast wet layers in 
each of Figures 4.11(a) to (d) is slightly different, despite the identical exper­
imental parameters used. This may be due to small variations in the sample 
position or drift in the electrical systems, either of which could result in a 
change in the excitation pulse flip angle. This does not affect the quality of
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the data beyond a small change in the signal to noise ratio.
There is a gradual but clear progression in the appearance of the profile 
sets as the Peclet number is increased. In all four figures, the first profiles are 
uniform, indicating tha t the water volume fraction of each layer was uniform 
at the time of casting as expected. At the lowest Peclet numbers {Pe =  7±1, 
Pe =  22 ± 4 , Figures 4.11(a) and (b) respectively) the profiles remain almost 
completely uniform throughout the whole depth of the layer at all times 
during drying. W ith a Peclet number of 74 ±  5 (Figure 4.11(c)) a slight 
gradient in signal intensity developed across the layer, visible in the second 
and third profiles (measured 13 and 21 minutes after casting respectively). 
The gradient then diminished in the later profiles. When the Peclet number 
was even larger, at 360 ±  33 (Figure 4.11(d)), a much greater gradient in 
signal intensity was observed across the layer. Again, as time elapsed, the 
gradient diminished until the layer appeared almost uniform in the last few 
profiles.
These observations are reasonably consistent with the expected behaviour 
of drying emulsion layers, as described in Section 2.1.2. Layers of the pure 
acrylic emulsion drying at high Peclet number exhibit a large water volume 
fraction gradient through depth early in the drying process. As the Peclet 
number is reduced, this gradient diminishes until uniformity of water volume 
fraction is observed when sufficiently low Peclet number is reached.
The fact that uniform layers are observed when the Peclet number is as 
high as 22 ±  4 is unexpected from previous experience. In alkyd emulsion 
layers, for example, a Peclet number of 16 was sufficient to produce a higher 
gradient than was observed in the present case for a Peclet number of 360 ±33
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[6]. This is persuasive evidence th a t the composition of the material in 
question influences the observed behaviour in ways tha t are not accounted 
for by the Peclet number concept.
4.3 Em ulsion blend one
Figure 4.12(a) and (b) show time series of profiles of layers of emulsion blend 
one, as described in Table 4.1, drying with Peclet numbers of 7 and 60 re­
spectively. Both experiments were carried out using the parameters listed 
in Table 3.1. The profiles in Figure 4.12(a) were measured 2, 43, 72, 98, 
115, 128, 135, 141, and 160 minutes after the layer was cast, while those in 
Figure 4.12(b) were measured 2, 15, 28, 39, 48, 52, 55, and 263 minutes after 
casting. These experiments represent the minimum and maximum of the 
range of Peclet numbers tha t have been achieved for this material using the 
same techniques as for the pure acrylic emulsion. They are representative 
of the full range of acquired data, which includes experiments where shorter 
repetition delay times were used, as described in Section 4.1.2.
Both of the layers show the expected thinning and reduction in signal in­
tensity throughout drying. Interestingly, the fourth profile in Figure 4.12(a), 
measured 98 minutes after casting, and the third profile in Figure 4.12(b), 
measured 28 minutes after casting, arguably show a step or slope in sig­
nal intensity at approximately 150-200 microns separating regions of high 
and low intensity. This is reminiscent of the effect expected when a crust 
of close packed particles has formed at the top of the film, as discussed in 
Section 2.1.3. This observation is discussed further in Chapter 6.
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Figure 4.12: GARField profiles for layers of emulsion blend one drying with 
Peclet number a) Pe =  7 ± 1  (measured 2, 43, 72, 98, 115, 128, 135, 141, and 
160 minutes after casting), b) P e  =  6 0 ± 7  (2, 15, 28, 39, 48, 52, 55, and 263 
minutes after casting), measured using the parameters listed in Table 3.1.
The high Peclet number profile series (Figure 4.12(b)) shows a strong 
gradient in signal intensity developing early in the experiment, which is par­
ticularly noticeable in the third, fourth, and fifth profiles (covering a period 
from 28 to 48 minutes after casting). It then decreased towards the end of the 
drying process as the intensity at the top of the layer approached zero. The 
lower Peclet number profiles, in Figure 4.12(a), show a weaker gradient in 
signal intensity developing during the first few profiles. This then persisted 
without diminishing until quite late in the experiment.
To allow conclusions to be drawn from these observations, the relationship
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between the measured profile intensities and the actual water volume fraction 
in the sample must be known. To this end, the mean water volume fractions 
were calculated from the heights of each of the profiles in Figure 4.12(a) 
(and other profiles measured in between those) using Equation 4.3. These 
are compared with the measured mean intensity of each profile in Figure 4.13. 
This was done for the experiment at lower Peclet number since the calculation 
of mean water volume fraction assumes uniformity of the layer. Clearly if this 
comparison was made using profiles at higher Peclet number, and therefore 
with a stronger gradient in signal intensity, the simple correlation between 
water volume fraction and signal intensity would be distorted.
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Figure 4.13: Mean profile intensity against calculated water volume fraction 
for emulsion blend one drying with Pe =  7 ±  1 from Figure 4.12(a).
The relationship in Figure 4.13 is initially not a simple linear one. At the 
begining of the experiment, when the water volume fraction is highest, there 
is no variation in signal intensity with decreasing water volume fraction. The 
relationship quickly becomes single valued when the signal intensity reaches 
approximately 1.25 (with (py, = 0.55). After this point, regions of differing
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water volume fraction become distinguishable qualitatively. Soon after this 
point is passed, the relationship does become linear, when the signal intensity 
is below 1.2, and cpw = 0.45. For the remainder of the drying time, the 
signal intensity is directly proportional to the water volume fraction, and 
quantitative comparisons can be made.
The range of water volume fraction values over which variations are un­
detectable is extremely small = 0.61 to (pw ~  0.55), and would therefore 
quickly be exceeded by a drying layer. The water volume fraction gradi­
ent expected to occur at high Peclet numbers is expected to persist until 
the particles in the material reach close packing. At this point the water 
volume fraction is expected to be approximately 0.36 (see Section 2.1.2), 
which is well past the point where such a gradient would become detectable. 
Therefore, these parameters produce profiles which discriminate sufficiently 
between sample regions of differing water volume fraction for gradients to be 
seen in the current study.
It can therefore be concluded that the observed variations in signal in­
tensity in the profiles in Figures 4.12(a) and (b) do represent variations in 
water volume fraction. This means that there is an increase in water volume 
fraction gradient with Peclet number in this material, as expected, though 
it should be noted tha t it was not possible to slow evaporation enough to 
produce totally uniform profiles during drying.
It is also noteworthy tha t the strong water volume fraction gradient seen 
in Figure 4.12 has been produced by a relatively low Peclet number com­
pared to the high values that produced more uniform drying in the pure 
acrylic emulsion. The inability to produce such high Peclet numbers in this
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material, despite using similar experimental conditions, must be partly re­
lated to differences in the sample composition. It is probably also partly 
due to the difficulty of precisely controlling factors such as the atmospheric 
humidity and the airflow over the layer, which influence the evaporation rate. 
It is to be expected tha t it is a little more difficult to reach quite such high 
Peclet numbers with emulsion blend one since the Peclet number scales with 
the particle size. The mean particle size in this material is approximately 
30% smaller than for the pure acrylic emulsion. However, these factors must 
fall short of accounting for a difference of a factor of six in the Peclet number 
[P^max =  360 ±  33 for the pure acrylic emulsion, and Pe^ax =  60 ±  7 for 
blend one). It is also interesting tha t the lowest Peclet number achieved for 
both materials, Pe =  7 ±  1, despite being sufficient to produce uniform dry­
ing in the pure acrylic emulsion, resulted in a distinct water volume fraction 
gradient in blend one.
4.4 Em ulsion blend two
Figures 4.14(a) and (b) show time series’ of profiles of layers of emulsion 
blend two, as described in Table 4.14, drying with Peclet numbers of 2 and 
36 respectively. The profiles in Figure 4.14(a) were measured 2, 44, 79, 
103, 119, 130, 146, and 193 minutes after the layer was cast, and those in 
Figure 4.14(b) were measured 2, 22, 33, 42, 48, 63, and 1289 minutes after 
casting.
As before the profiles shown in Figure 4.14 are from the highest and lowest 
Peclet number experiments tha t were conducted with this material, and are
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Figure 4.14: GARField profiles for layers of emulsion blend two drying with 
Peclet number a) Pe =  2 ±  0.3 (measured 2, 44, 79, 103, 119, 130, 146, and 
193 minutes after casting), b) Pe =  36 ±  4 (2, 22, 33, 42, 48, 63, and 1289 
minutes after casting) measured using the parameters listed in Table 3.1.
representative of the range of data tha t was acquired with it. Both of these 
experiments were carried out using the parameters listed in Table 3.1. The 
comparison of mean water volume fraction, calculated from profile heights 
using Equation 4.3, against the mean profile intensities has been carried out 
as for the other materials and is shown in Figure 4.15. As before, this was 
done using the profiles from the experiment with the lowest Peclet number 
available. This was of course the experiment from which the series of profiles 
shown in Figure 4.14(a) came.
Figure 4.15 shows an approximately linear relationship for almost the
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Figure 4.15: Signal intensity against calculated water volume fraction for 
emulsion blend two from the same experiment as the profiles in Fig­
ure 4.14(a), with Pe =  2 ±  0.3.
entire range of water volume fractions observed. There is a slight loss of 
linearity at extremely high water volume fraction, above approximately 0.54, 
when the signal intensity is approximately 1.15. Since this is within two 
percent of the initial water volume fraction of this material, this is not likely 
to be significant for the data shown here, and the actual water volume fraction 
may be considered to be proportional to the signal intensity.
Despite the smaller range of Peclet numbers achieved with this material, 
it exliibits a range of behaviour almost identical to that seen in emulsion 
blend one. The profiles measured at the lower Peclet number (Pe =  2 ±  0.3) 
show a weak but distinct gradient throughout the experiment while those 
measured at a Peclet number of 36 ±  4 show a much stronger gradient in 
water volume fraction than was observed at lower Peclet numbers. It is 
therefore concluded tha t emulsion blend two shows the typical variation of 
behaviour with Peclet number, though with the caveat that, as in the case of 
blend one, it was not possible to sufficiently slow evaporation as to produce
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completely uniform drying.
The range of Peclet numbers th a t could be reached with this material is 
quite similar to tha t achieved for blend one, though both the minimum and 
maximum Peclet numbers were a little lower than those for tha t material. 
This is, perhaps, to be expected, since the compositions of the two blended 
samples are very similar.
4.5 Conclusions: film  form ation and Peclet 
number
At the most basic level the Peclet number, as defined in Equation 2.8, clearly 
does give an indication of the distribution of water in a drying layer for each 
of the three materials under investigation. When the Peclet number is high, a 
film with a large water volume fraction gradient is produced, and vice versa. 
It is in the details tha t it fails to predict the exact result of a given experi­
ment, i.e. the maximum Peclet number at which the water volume fraction 
remains uniform during drying is not necessarily one, and clearly varies be­
tween materials. This point was apparently at a considerably higher Peclet 
number for the pure acrylic emulsion than for either of the blended materials. 
Indeed two distinct behaviours were observed in the three materials investi­
gated here, with only minor variations between those of the two blends. The 
pure acrylic emulsion was characterised by uniform drying profiles up to a 
Peclet number of at least 22. It was more difficult to produce a large water 
fraction gradient in this material, even under quite extreme conditions. The
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two blends, on the other hand, showed the opposite behaviour. It was much 
easier to produce very high gradients in water volume fraction, even at quite 
low Peclet numbers, but proved impossible to produce uniform water volume 
fraction profiles. The weakest water volume fraction gradients obtained were 
measured at Peclet numbers of 7 and 2 for emulsion blends one and two 
respectively.
All of the experiments described here were carried out at room temper­
ature, i.e. approximately 20°C. This is close to the glass transition tem­
peratures of polymers in all three samples {Tg =  15°C for the pure acrylic 
emulsion, —4°C for the miniemulsion component of blend one, and 20°C for 
tha t of blend two). The acrylic emulsion and the miniemulsion from blend 
one ought therefore to be composed of liquid droplets, while the miniemul­
sion component of blend two is constantly very close to its glass transition 
temperature. The fact tha t blend two does film form does not necessarily in­
dicate tha t both polymers are below their glass transition temperature, since 
the final structure may consist of a coherent film of the pure acrylic polymer 
with embedded paiticles of the miniemulsion polymer. The fact th a t the be­
haviour of the two blends is so similar suggests that it makes little difference 
how hard or soft the polymer is during drying.
The data in general seem strongly to suggest tha t the solidity of the poly­
mer particles/ droplets is irrelevant to the applicability of the Peclet number 
concept. This is conceptually reasonable; early in drying, when polymer 
droplets do not come into contact with great frequency, the effects of droplet 
deformation and coalescence would be slight. Therefore an emulsion of liq­
uid droplets might be macroscopically indistinguishable from a suspension of
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solid particles. On the other hand, the Stokes-Einstein equation for the diffu­
sion coefficient of a sphere moving through a liquid medium (Equation 2.9) is 
based on the assumption of solid particles. However, a liquid droplet moving 
through a fluid with which it is not miscible could reasonably be expected to 
behave similarly to a solid particle. Liquid droplets are also more likely than 
solid particles to fulfil the assumption of sphericity. It is therefore entirely 
reasonable to expect the Peclet number concept to be applicable to emulsions 
of liquid droplets, as it appears to be.
It should be noted that the ranges of behaviour observed for the three 
materials were all produced using exactly the same range of experimental 
conditions to alter the evaporation rates. The variations in the range of 
Peclet numbers obtained for each material are the result of the differing mean 
particle or droplet sizes, and the varying layer heights and evaporation rates 
of the particular samples, as discussed in Section 4.1.2. The large difference 
between the maximum and minimum Peclet number values achieved for the 
pure acrylic emulsion and those for the blends is quite striking. Variations in 
atmospheric humidity and temperature make it difficult to precisely replicate 
the conditions of each experiment, as do minute uncontrollable variations in 
the airflow over the sample, where one was applied. However the evaporation 
rates obtained under each given condition (i.e. when the layer was enclosed 
within a PTFE tube of a given height, or with or without an airflow present, 
etc) though variable, did not follow any particular trend according to sample 
material.
The particle size distributions of all three sample materials (see Fig­
ure 4.1) are bimodal, with greater populations of particles in the smaller
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size mode in each case. In the cases of the two blended samples, the addi­
tion of the miniemulsions contribute more particles to the smaller size mode, 
reducing the mean particle size. This fact is therefore accounted for in the 
Peclet number calculations. However, there is a disparity between the calcu­
lated Peclet numbers achieved with each sample and the resulting behaviour 
during drying.
The only way to further decrease the Peclet number, and thereby broaden 
the range obtainable, would be to use much thinner films than were used here. 
Unfortunately this would make obtaining good quality data considerably 
more difficult due to the limitations on the resolution of the GARField sys­
tem. Attempts to raise the Peclet number by using faster airflows to increase 
the solvent evaporation rate resulted in deformation of the film. Heating the 
sample would be equally problematic, since a temperature gradient would 
inevitably form between areas of the sample material closer to and more dis­
tan t from the heating element. Convection currents would therefore be set 
up, disturbing the sample material. The only other approach tha t could be 
used to increase the accessible range of Peclet numbers further would be to 
use thicker films. However the limited bandwidth of the GARField system, 
and the decrease in sensitivity over thicker samples that this incurs, would 
rapidly become problematic. The droplet-like profile of the sample layers 
would also cause problems, since they would become higher and rounder as 
more material was added, resulting in samples that would behave much less 
like flat, uniform layers. The range of Peclet numbers reached here represent 
the broadest tha t can be achieved with current methods.
The variations in behaviour between materials are almost certainly due
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to the many minor variations in their compositions which the Peclet number 
does not account for. These include the presence of surfactants and other 
ingredients in the material, and variations in the details of chemical and elec­
trostatic interactions between its components. There is also the possibility 
of convection in wet layers, which may conceivably be caused by evaporative 
cooling at the top surface of a drying layer. This would disturb the simple 
diffusion of liquid from high to low water volume fraction regions. Currents 
may be set up in the solvent which could contribute to or hinder transport of 
both solvent and particles through the layer. Such factors hinder the accu­
racy of predictions of behaviour based solely on the Peclet number, since the 
Peclet number scale ought first to be calibrated to establish at what point 
non-uniform water volume fraction profiles begin to occur. It could alter­
natively be that the relationship, if one could be established, may be more 
complex.
The simplicity of the Peclet number concept makes it useful as a yardstick 
of behaviour in film forming materials, but this very simplicity means that it 
cannot account for the precise details of a given physical situation, and leads 
to these minor variations in its applicability to different materials.
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Chapter 5 
R e-w etting of pure and blended  
acrylic em ulsions during and 
after drying
5.1 Introduction
This chapter describes further studies tha t have been carried out on the 
acrylic emulsion and blended acrylic emulsions already discussed in Chap­
ter 4. In this chapter, the behaviour of these materials when re-wet by the 
application of a second layer of wet material over a drying or dry first layer 
is investigated.
Materials are commercially sought tha t can quiddy form one homoge­
neous layer from two applied layers, whether they are applied in very quick 
succession, or with a long time interval between applications. Short intervals 
commonly occur during accidental overbrushing of previously applied paint
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during the painting of a single layer, while longer intervals result from the 
application of two or more coats of paint to a surface for more even or more 
resilient coverage. The typical purpose of applying a chemical coating is to 
obtain a layer with identical properties across its area. Clearly the ability to 
form a single coherent and homogeneous layer from two or more applications 
is essential. The re-wetting behaviour of the three materials described has 
therefore been investigated to explore their similarities and differences under 
different conditions.
5.1 .1  M ateria ls and m eth o d s
The same three sample materials were used in the experiments reported in 
this chapter as have already been described in Section 4.1.1. They are a 
pure acrylic emulsion, and blends of tha t emulsion with two different acrylic 
miniemulsions. Their properties are outlined in Table 4.1. The CARField 
magnetic resonance profiling techiques outlined in Section 4.1.2 were used to 
carry out the work reported in this chapter. The pulse sequence parameters 
used for all of the experiments are those listed in Table 3.1, as before.
Where dry or partially dry layers were re-wet with freshly applied second 
layers, in most cases, the same PTFE tubes were used to contain both sample 
layers. They could be sealed onto the glass coverslips used 6is film substrates 
with superglue, so that they surrounded the wet film without coming into 
contact with it. This meant tha t they could be used to completely contain the 
second layer. The second layer, be it an emulsion, water, or any other liquid, 
could therefore be several millimetres deep if required. After application of
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the second layer, the whole experiment was enclosed by the addition of an 
improvised glass lid over the top of the PTFE tube. This almost entirely 
prevented drying of the second layer after re-wetting was begun, so that its 
water volume fraction would not change, even in the course of an experiment 
lasting for days, as will be seen. This gave the effect of an infinitely deep, 
unchanging second layer for a sufficient time tha t any dynamic processes 
occuring in the first layer could be observed to have reached equilibrium 
during a given experiment.
5.2 R e-w etting o f dry em ulsion layers
Figure 5.1 shows a series of GARField profiles measured during a re-wetting 
experiment carried out on a layer of the pure acrylic emulsion. A PTFE tube 
was used to contain a second layer, several millimetres deep, which re-wet 
the first, as described in Section 5.1.1. The first profile shows the freshly 
cast first layer of the emulsion. The second profile was measured eighteen 
hours later, after it had completely dried (though not necessarily completely 
film formed in terms of particle coalescence), and therefore shows no signal. 
Following those are a series of profiles measured 2, 33, 311, and 1732 minutes 
after the second layer was applied, from bottom to top in the figure. In these, 
the dried initial layer occupies the region between 0 and approximately 170 
microns, above which the constant high signal region of the second layer 
is visible. The top of the second layer is beyond the field of view of the 
GARField system. All of these profiles were measured using the parameters 
listed in Table 3.1.
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Figure 5.1: GARField profiles of a pure acrylic emulsion layer when freshly 
cast (long dashes), after drying (short dashes), and a series of profiles mea­
sured 2, 33, 311, and 1732 (from bottom to top) after application of a second 
layer (solid lines).
After application of the second layer, the signal in the region of the initial 
layer can be seen to increase gradually over time, until it stablises at approx­
imately 0.4 arbitrary units. The stability of this final condition is indicated 
by the fact tha t it has not varied between 311 and 1732 minutes after the 
second layer was applied. In all of the re-wetting experiments, profiles were 
measured at 30 minute intervals from the time at which the second layer was 
applied. The profiles shown are the first in which the final stable signal inten­
sity value was reached by the re-wet first layer, and the last profile measured 
in the experiment, to indicate the time for which this stable condition was 
observed. Where other profiles are presented, as in Figures 5.1 they show 
the progression from the initial dry condition of the first layer to its final 
stable condition, where these profiles do not interfere with the clarity of the 
others.
As discussed in Section 4.1.2, the signal intensity is highly representative
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of water volume fraction for pure acrylic emulsion layers. It is therefore 
possible to estimate the water volume fraction in the first layer at any time 
by calculating the ratio of the mean measured intensity to tha t of a fresh 
wet layer, whose water content is known. A calculation of this kind suggests 
a stable water volume fraction of 0.14 in the first layer at the end of the 
experiment. The degree of swelling tha t accompanied this increase in water 
volume fraction may be estimated from the profiles in the figure. It appears 
tha t the first layer may have swelled by approximately 15 microns, raising 
the level of the interface between the first and second applied layers by that 
amount in the process. Since the initial thickness of the first layer at the time 
of application of the second was approximately 165 microns, this represents 
a fractional increase in thickness from th a t initial value of ^  «  0.09.
The total pore volume fraction of a dry layer of this type of material is 
expected by the manufacturers (ICI Paints) to be approximately 5%, or 0.05 
of the total volume. This value, added to the estimated volume increase 
equals the estimated water volume fraction increase, 0.014 (0.05 +  0.09), 
or 14%. The observed increase in water volume fraction of the first layer 
after application of the second could therefore be explained by the ingress of 
sufficient water to fill the dry pore volume together with enough excess to 
swell the layer by 0.09 or 9% of its initial volume.
It is also striking that the final stable water volume fraction (0^ 0.14)
is very similar to the final water volume fraction seen in a similar previous 
experiment on an alkyd emulsion layer [6], where a final stable water volume 
fraction of 0  ^ =  0.15 was estimated in a similar experiment. This value was 
believed to mark one of two distinct states reached by the layer during drying.
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The stability of this state was apparently such that the drying process was not 
reversible past this point by re-wetting. The other state, apparently the final 
one reached during evaporative drying, occurred at the lower water volume 
fraction of 0s % 0.02. The two states were both thought to be biliquid foams 
of close packed polymer droplets with surfactant bilayers in the interstices. 
The first of these states, characterised by a higher water volume fraction, 
was suggested to be a common black film and the second a Newton black 
film. These two types of structure are essentially similar, except tha t the 
Newton black film has thinner water layers within the bilayers [95]. The 
apparent similarity in behaviour on re-wetting between the alkyd and acrylic 
emulsions is interesting, especially given tha t the acrylic emulsion does not 
show the same decrease in evaporation rate during drying, suggesting that 
the drying process in the two emulsion types is not identical.
Figures 5.2(a) and (b) show similar sets of GARField profiles for identical 
re-wetting experiments with emulsion blends one and two respectively.
In each of these figures, the first (dashed line) profile shows the first layer 
when freshly cast, before significant drying had taken place. The second (dot­
ted line) profile in each case, showing no signal, was measured several hours 
later, when the first layer had dried. The following profiles were measured 
3, 93, and 2742 minutes (for Figure 5.2(a)), and 3, 188, and 775 minutes 
(for Figure 5.2(b)) after applying the second layer of the sample material. 
These experiments were carried out using the parameters listed in Table 3.1. 
The progression in the first applied layers is very similar to  tha t in the pure 
acrylic. For both materials, the first layer is positioned between 0 and the 
transition region, marked by the gradient in signal intensity between approx-
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Figure 5,2: GARField profiles of a layer of (a) emulsion blend one and (b) 
blend two when freshly cast (long dashes), after drying (short dashes), and 
a time series, from bottom to top, of profiles measured after application of a 
second layer (measured 3, 93, and 2742 minutes after for a), and 3, 188, and 
775 minutes after for b) - solid lines).
imately 100 and 140 microns, with the second layer extending beyond the 
field of view available to GARField, as before. In both materials the mean 
intensity of the first layer rises to a significant fraction of its original wet 
value and then remains stable (at approximately 0.7 a.u. in the case of blend 
two) for the remaining several hours of the experiment.
In the case of emulsion blend one, the final stable condition of the exper­
iment features a gradient in signal intensity across the re-wet layer. Such a 
gradient is not seen in the equivalent data for either of the other materials
86
(for the pure acrylic see Figure 5.1). Similarly, this effect has not been seen 
in the further experiments with blend one presented in this chapter. Unfor- 
tunately, the significance of this was not realised at the time, so this precise 
measurement was not repeated. The mean intensity of the stable re-wet 
layer, for comparison with the results of other experiments, is approximately 
0.45 a.u.
The final water volume fraction values in the re-wet first layers have been 
estimated as was done for the pure acrylic emulsion; by using the ratio of the 
intensity of the stable re-wet layer to th a t of a freshly applied wet layer. In 
emulsion blend one, the final water volume fraction value is approximately
0.13. This can be explained by the pore volume fraction of 0.05, and the 
observed 0.09 fractional volume increase. This result is identical in almost 
every detail to tha t obtained from re-wetting the pure acrylic emulsion, de­
spite the intensity gradient in the first layer prior to the application of the 
second. In emulsion blend two, on the other hand, the result is a little differ­
ent. The increase in both the water volume fraction after re-wetting (0.23 in 
this case) and the degree of swelling (0.2 of the initial thickness) in the re-wet 
first layer are greater than for the other materials. This may be due to the 
high Tg of the miniemulsion polymer component of this material, which may 
have prevented deformation and coalescence, thereby making the reversal of 
the film forming process more readily possible.
It should be noted, as was discussed in Sections 4.3 and 4.4, tha t the 
signal intensity is not exactly proportional to the water volume fraction for 
the two blended materials. The estimated water volume fractions for those 
samples are therefore less precise than those for the pure acrylic emulsion
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(see Section 5.5 for more precise analysis of this data for all three materials). 
The result for emulsion blend one is additionally complicated by the gradient 
in intensity (and therefore water volume fraction) across the re-wet layer in 
the final stable condition.
To summarize, in all three materials the initial layer appears to have 
simultaneously absorbed water into the pore volume and swelled to acco­
modate more, reaching a significant fraction of the water volume fraction 
of a freshly cast layer. This is, of course, under the assumption tha t the 
observed signal is purely caused by ingressed water. But is this assump­
tion justified? It is reasonable to expect tha t when water is added to a wet 
emulsion, which already contains large quatities of freely diffusing water, it 
simply mixes with it, raising the water volume fraction without fundamen­
tally altering the properties of the system. It is less reasonable to assume 
tha t the same will occur if water is added to a dry layer, which is composed 
of coalescing close-packed polymer particles, and no more than perhaps a 
few percent of confined water. Could the particles re-disperse into the liquid, 
literally re-wetting the layer, or is it possible that some interaction between 
the polymer and the added water could be giving rise to the observed signal 
in the re-wet layers? Answering these questions is the aim of the experiments 
described Section 5.3.
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5.3 R e-w etting dry layers using deuterated
water
To establish for certain tha t the signal observed in the re-wetting layers is 
caused by ingressing water, the obvious approach is to replace the ingressing 
water with deuterated water (DgO). Since deuterium nuclei have a consider­
ably lower gyromagnetic ratio than protons (4.11 x 10  ^T “^s"^ as opposed to 
26.75 X  10  ^ T “^s“  ^ [53]), they precess at a much lower frequency in a given 
magnetic field. They are therefore not excited by the radio frequency pulses 
used in NMR, and produce no signal. Replacing the second layer in a 
re-wetting experiment with deuterated water therefore allows the dry layer 
to be re-wet by a substance th a t is chemically identical to water, but that 
produces no signal at all in GARField profiles.
As a necessary precursor to doing this, experiments were carried out where 
dry first layers of each of the three emulsion and blended materials were re­
wet with second layers of distilled water. The purpose of this was to establish 
whether using water as the second layer (and therefore deuterated water) is 
comparable to using the appropriate emulsion or blend, or whether the lack 
of surfactants, or even polymer particles, would have a significant effect on 
the outcome. The experiments were carried out identically to the previous 
re-wetting experiments, with water layers several millimetres deep applied 
to dry pure emulsion or blended layers contained within PTFE tubes as 
shown in Figure 4.3. The parameters listed in Table 3.1 were used as before. 
Figures 5.3(a), (b), and (c) show GARField profiles from these experiments.
For each material, a profile measured after the first (sample material)
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Figure 5.3: GARField profiles of layers of pure acrylic emulsion (a), emulsion 
blend one (b), and blend two (c) after drying (dotted line) and a time series, 
from bottom to top, of profiles measured after application of layers of distilled 
water (2, 12, 27, and 81 minutes after for a), 2, 6, 8, 32, and 198 minutes for 
b), and 2, 10, 16, 20, and 24 minutes after for c) - solid lines).
layer had completely dried (dotted line) is shown, together with a time series 
of profiles recorded at intervals after the second (water) layer was applied 
(solid lines). These were recorded after 2, 12, 27, and 81 minutes for the
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pure acrylic emulsion (Figure 5.3(a), after 2, 6, 8, 32, and 198 minutes for 
emulsion blend one (Figure 5.3(b), and after 2, 10, 16, 20, and 24 minutes 
for blend two (Figure 5.3(c).
In all three materials, qualitatively similar results are seen to those in 
Figures 5.1 and 5.2, at least in the early stages. There is a gradual increase 
in the signal intensity in the region of the first applied layer, as before. In the 
case of the pure acrylic emulsion, this process stops after several minutes, and 
the signal intensity stabilises. This behaviour is almost identical to tha t seen 
when the second layer is also of the pure emulsion. The final stable signal 
intensity is also similar in both experiments, though the long Ti time of the 
pure water means tha t the signal intensity is not necessarily representative 
of water fraction, so this observation must be regarded with caution.
The layers of each of the emulsion blends, on the other hand, each seem to 
have increased in signal intensity for a brief period, before separating entirely 
from their glass substrate. This made futher observations impossible. It 
seems absolutely certain tha t this has occurred in the case of blend two, 
since two of the profiles recorded after the water was applied appear to show 
the sample layer lifting away from the coverslip. It is visible as a lower 
intensity region between 60 and 140 microns in the profile recorded after 20 
minutes, and between 100 and 210 microns in the profile recorded after 24 
minutes. The high intensity region below the base of the sample is due to the 
water now present between it and the substrate. The layer of emulsion blend 
two was observed drifting m the water layer at the end of the experiment. 
It is likely tha t the same occurred in the case of blend one, since it was 
also observed drifting in the water in a similar manner at the end of that
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experiment.
Another observation regarding these experiments offers support for the 
idea that the signal in previously dried and then re-wet layers is due to water 
ingress. The transparency of the water meant that the re-wet layers in each 
case were visible during the experiments. All three appeared opaque, exactly 
as the wet materials do. This suggests tha t interstitial voids in the layers 
have been sufficiently enlarged by ingressing water that they scatter visible 
light.
These three experiments show broadly similar behaviour to those where 
each sample was re-wet by a layer of the identical material. The results only 
diverge from the previous experiments at the point where the first layer sepa­
rated from the substrate in the cases of the blended samples. The implication 
is tha t re-wetting dry layers of the three sample materials with deuterium 
oxide will cause the same processes to occur as if the emulsion materials were 
used. Therefore, if ingressing water is the sole cause of the re-wetting signal, 
then no such signal would be observed if that water is replaced with deuter- 
ated water. If a signal was seen, then some other process must be causing 
it.
Figures 5.4(a), (b), and (c) show profiles from experiments where dry 
layers of the pure acrylic emulsion, emulsion blend one, and emulsion blend 
two respectively were re-wet by several millimetre deep layers of deuterated 
water. They were all measured using the parameters listed in Table 3.1.
Each figure shows a profile of the wet sample layer (solid line, signal 
profile visible), one measured after it had dried (solid line, no signal visible), 
and another measured some time after the DgO was applied (dotted line,
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Figure 5.4: GARField profiles of layers of pure acrylic emulsion (a), emulsion 
blend one (b), and blend two (c) when freshly applied (solid lines), after 
drying (solid lines, no signal visible), and some hours after application of 
D 2 O layers (dotted lines).
no signal visible). In the case of the acrylic emulsion the delay was 198 
minutes, for emulsion blend one, 189 minutes, and for emulsion blend two, 
311 minutes. Other profiles were measured at intervals of a few minutes
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throughout the period in between the application of the deuterated water 
and the measurement of these last profiles. Since none of them showed any 
signal from the sample either, they are not shown.
The lack of any signal from the re-wet layers indicates that the signal seen 
in the re-wet layers in each of the experiments described in Section 5.2 was 
produced by ingressing water from the wet second layers, and not from any 
other source. This conclusion is also supported by the fact tha t the layers 
re-wet by deuterated water became opaque during the experiments, precisely 
as those re-wet with water did.
5.4 R e-w etting em ulsion layers at a range of
w ater volum e fractions
Having established the source of the re-wetting signal in the re-wetting exper­
iments described in Section 5.2, further experiments of the same kind may be 
discussed. As was discussed in Section 5.1, the objective of these experiments 
was to study the effects of re-wetting at various times after the application 
of emulsion layers. To this end, series of re-wetting experiments were carried 
out where the second layer was applied at a range of intervals after the first 
was applied. This allowed the water volume fraction of the first layers in 
the series of experiments to be varied, and the effect of this variation on the 
re-wetting process to be studied via GARField profiling. Figures 5.5(a) and 
(b) show profiles from two experiments with the pure acrylic emulsion where 
a second layer was applied late and early in the drying process respectively;
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i.e. when the water volume fraction in the first layer was low and high at the 
time of the application of the second. They were measured using the param­
eters listed in Table 3.1, and are representative of the range of experiments 
tha t have been carried out.
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Figure 5.5: GARField profiles of layers of pure acrylic emulsion when freshly 
cast (dashed line), and immediately before deep second layers of the same 
material were applied (dotted line). The other profiles in a) were measured 
4, 130 and 2524 (dot-dashed line) minutes after application of the second 
layer, and in b), 2, 186 and 2765 (dot-dashed line) minutes after application 
of the second layer.
In both of these experiments, similar behaviour ocurred after application 
of the second emulsion layer as was seen when the completely dried layer 
of the same material was re-wet in this way. In each case, there is a grad­
ual increase in the measured intensity in the region of the first layer, which
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eventually stabilises at some point below tha t associated with a freshly cast 
wet layer. The final stable point varies with the water volume fraction of the 
first layer at the time when the second is applied. • This preliminary result 
appears to imply tha t re-wet films do not stabilise at one particular water 
volume fraction where an irreversible structural transition occurs during dry­
ing. This contrasts with the behaviour seen in drying alkyd emulsion layers 
[45], [6],
Figures 5.6(a) and (b) show profiles from similar experiments conducted 
with emulsion blend one, measured using the parameters listed in Table 3.1. 
Again, these show application of the second layer relatively late and early in 
drying respectively, but are representative of the range of data acquired.
The actual intensities in the first layers at the time of the application 
of the second layers are not identical to those used for the acrylic emulsion. 
This is due to the fact tha t the measured intensities could only be established 
after the experiment, when the data could be properly analysed. The pre­
cise state of the first layer at any given point cannot be determined during 
an experiment with any precision. The comments on the data for the pure 
acrylic emulsion are equally applicable to emulsion blend one. In each exper­
iment, the drying process appears to have reversed for a short period, until 
the measured intensity in the re-wet first layer reaches some stable value less 
than that of a freshly cast wet layer.
Profiles from re-wetting experiments late and early in drying on emulsion 
blend two are shown in Figures 5.7(a) and (b) respectively, measured as 
before using the parameters listed in Table 3.1.
Again, almost identical behaviour is seen in this sample material. The
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Figure 5.6: GARField profiles of layers of emulsion blend one when freshly 
cast (dashed line), and immediately before deep second layers of the same 
material were applied (dotted line). The other profiles in a) were measured 
7 and 1818 (dot-dashed line) minutes after application of the second layer, 
and in b), 2, 216 and 3022 (dot-dashed line) minutes after application of the 
second layer,
similarity of the behaviours of the three materials is striking, considering 
the differences seen in drying and the variations in their composition. To 
try  to quantify these observations, estimates of the water volume fraction 
in the drying first layers at the time of the application of the second layers 
have been made for every experiment tha t has been carried out with each 
material. This was done for each sample material by calculating the ratio of 
the ineEisured intensity of the layer to tha t of a fresh wet layer of tha t material, 
with known water volume fraction, as in Section 5.2. In each experiment.
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Figure 5.7: GARField profiles of layers of emulsion blend two when freshly 
cast (dashed line), and immediately before deep second layers of the same 
material were applied (dotted line). The other profiles in a) were measured 
4, 210 and 2581 (dot-dashed line) minutes after application of the second 
layer, and in b), 2, 64 and 1850 (dot-dashed line) minutes after application 
of the second layer.
the profile which indicated the lowest intensity in the drying layer was used, 
whether it was the one measured just before application of the second layer 
or the one measured immediately afterwards. This was done since the water 
volume fraction in a drying layer can change quite rapidly, particularly late 
in drying. The final stable values of the water volume fraction in each re-wet 
layer were also estimated in the same way. The results are listed in Table 5.1.
Note that all of the estimated water volume fractions are for the re-wet 
layer. The water volume fraction in the second layer, which provides the
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Sample Initial water volume Final water volume Change in water volume
material fraction, fraction, (jy^ F fraction,
O.OOiO.Ol 0.164=0.01 0.164=0.01
Pure G.12T0.01 0.254=0.02 0.13±0.02
acrylic 0.35±0.01 0.434=0.01 0.084=0.01
emulsion 0.41T0.01 0.484=0.01 0.074=0.01
0.46±0.01 0.504=0.01 0.044=0.01
O.OOiO.Ol 0.19=b0.02 0.194=0.01
Emulsion 0.18±0.01 0.254=0.01 0.074=0.01
blend 0.414=0.02 0.524=0.01 0.114=0.02
one 0.454=0.01 0.49T0.01 0.044=0.01
0.504=0.01 0.574=0.02 0.074=0.01
0.004=0.01 0.304=0.01 0.304=0.01
Emulsion 0.134=0.01 0.194=0.01 0.06=1:0.01
blend 0.324=0.01 0.474=0.01 0.154=0.01
two 0.394=0.01 0.514=0.01 0.124=0.01
0.454=0.02 0.504=0.01 0.05=1=0.02
Table 5.1: The water volume fraction in pure emulsion and blended 
layers estimated directly from GARField profile intensities at the time of, 
and long after, application of a deep second layer.
moisture to re-wet the first, is constant in all of these experiments due to 
its great depth - any material lost from the second layer in re-wetting the 
first is negligible compared to the total volume of the layer. These initial 
and final water volume fraction estimates for each material are also plotted 
in Figures 5.8(a), (b) and (c).
Sample material Gradient, m Offset, c
Pure acrylic emulsion 0.73 0.17
Emulsion blend one 076 0.17
Emulsion blend two 0.60 0.23
Table 5.2: Parameters for the best fit of Equation 5.2 to the data shown in 
Figures 5.8 a), b) and c).
Also included in the plots are points for which both the initial and final 
water volume fractions are those of the bulk wet materials (0.54 for the pure
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Figure 5.8: Water Volume Fraction (WVF) in the first layer at the time of 
application of a second layer plotted against the final WVF value reached 
in the first layer calculated from GARField intensity profiles for a range of 
experiments with (a) the pure acrylic emulsion, (b) emulsion blend one and 
(c) emulsion blend two, with least square linear fits to the data (solid lines).
acrylic emulsion, 0.61 for emulsion blend one, and 0.57 for emulsion blend 
two). These points represent the case of a single deep layer, whose base is 
effectively continually re-wet by the overlying material, so tha t the water 
volume fraction is unchanging.
The plots make clear the linear relationship found between these quanti­
ties, particularly in the cases of the pure acrylic emulsion and emulsion blend 
one. This is an entirely new and unexpected result. Blend two appears to fol­
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low a similar relationship, but less closely. This intriguing correlation seems 
to support the idea that there are no particular points in the drying process 
that involve irreversible transitions. For a bulk layer of material at least, the 
film formation process appears to be continually partially reversible, with 
the extent to which it may be reversed dictated by the extent to which it has 
been completed.
It should be reiterated tha t these results are estimates, based on the 
assumption of a linear relationship between the measured signal intensity 
and the actual water volume fraction in the sample. Since it is Imown that 
this relationship is not perfect, particularly for the two blended materials, 
conclusions based on this data must be treated with some caution (see Sec­
tions 4.1.2, 4.3 and 4.4 respectively for discussion of relationship in each 
material).
5.5 U sing G A R Field  profiling data to  m ea­
sure the w ater volum e fraction
The data from the experiments described in Sections 5.2 and 5.4 have been 
further interrogated by different means to attem pt to establish with greater 
accuracy the water volume fractions in the relevant profiles in the re-wet 
layers. Rather than adding all of the measured echoes together to produce a 
single profile as normal, the echoes have been separately phase rotated and 
Fourier Transformed to produce a train of echo profiles from each individ­
ual NMR measurement. Because the whole NMR measurement takes place
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within a total timescale of a few milliseconds, the whole series of echo profiles 
can be considered to have been recorded simultaneously on the timescale of 
the drying processes taking place in the sample. The variations between echo 
profiles are therefore the result of the decay in nuclear magnetisation caused 
by the nuclear relaxation processes discussed in Section 3.5. By fitting an ex­
ponential function to this decay, and extrapolating it back to the origin time, 
the total initial magnetisation signal can be found, independently of the in­
fluence of T2 weighting effects. This quantity is of course proportional to the 
total population of detectable nuclei present in the sample, and may be used 
as a basis for an estimate of the water volume fraction in the sample. Because 
each Fourier Transformed echo provides a separate profile of the sample, this 
process can be carried out independently for a range of points through the 
depth of the sample layer, allowing this information to be spatially resolved. 
This means tha t a water volume fraction profile through the depth of the 
sample layer might be built up for each of the measured GARField intensity 
profiles.
In all three sample materials, Ti is considerably longer than either T2 
or the NMR measurement timescale, so Ti effects are negligible. The most 
suitable function to use for the fitting process is therefore an exponential 
with one component for each signal decay component in the sample:
y — ^  exp ^ +  ^ 2^ (5.1)
where Aqi and A n  are the amplitude and the decay time constant for the 
ith  component, and A 2  is a baseline offset. The initial amplitude of the ith
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component is then given by the sum of Aqi and A 2 . Since each of the materials 
under study has two principle components (the polymer and water solvent) 
a two component exponential fit function was initially used to analyse the 
signal decay data. Figure 5.9 shows a typical magnetic resonance signal 
decay, in this case from the experiment illustrated in Figure 5.1.
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Figure 5.9: Signal intensity decay for the point at a height of 105 microns in 
a profile of a layer of the pure acrylic emulsion measured 311 minutes after 
a second layer was applied to it. Single component (dotted line) and two 
component (single line) exponential fit functions are also shown.
Specifically, it is the decay for the point at a height of 105 microns from 
the profile recorded 311 minutes after the second layer was applied. This 
indicates the typical intensity and signal to noise ratio of data from individ­
ual Fourier Transformed echoes, rather than the whole co-added series. Also 
shown in the figure are the single component and two component exponen­
tial fits of Equation 5.1 to the decay data. The two functions are almost 
indistinguishable from each other. The reason for this becomes clear when 
the best fit function parameters are seen. They are listed in Table 5.3.
The decay time constant on component two is so large tha t this compo-
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Function
parameter
Single component 
fit function value
Two component 
fit function value
Amplitude 1 (Aqi) 0.160 0.162
Time constant 1, s (An) 0.002 0.002
Amplitude 2 (A02) - 0.045
Time constant 2, s (A12) - 1.421
Baseline offset (A2) 0.049 0.0029
Table 5.3: One and two component exponential fit function parameters for 
the magnetic resonance signal decay shown in Figure 5.9.
nent does not decay noticeably during the experimental timescale. The sec­
ond component is therefore eflFectively a contribution to the baseline offset, 
rather than indicating a separate decaying component in the data. The likely 
explanation for this is tha t the nuclei in the polymer are not contributing 
to the signal recorded during the experiment, as discussed in Section 4.1.2, 
and tha t all of the signal is contributed by nuclei in the water. It is there­
fore more appropriate to use a single component exponential fit function to 
interpret the data. This is particularly convenient for the current purpose 
since it also implies tha t the initial value of the exponentially decaying echo 
signals is directly proportional to the quantity of water molecules at each 
sampled height in the sample. This being the case, by calculating profiles 
of the initial magnetisation at each point in the sample, and calibrating the 
measured values using a sample of known water content, the water volume 
fraction through the depth of a sample layer can be measured with greater 
accuracy than is possible from the conventional GARField profile intensities. 
Figures 5.10(a) and (b) show one such profile from each of two re-wetting 
experiments with the pure acrylic emulsion. They are from the experiments 
were the drying layers were re-wet from the lowest (completely dry) and high-
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est (soon after casting) water volume fractions that were tried respectively. 
These are the experiments previously illustrated by Figures 5.1 and 5.5(b).
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Figure 5.10: Water volume fraction calculated from MR signal decay fit 
function parameters for a range of points through the depth of a layer of 
pure acrylic emulsion (a) 186 minutes after a second layer was applied to a 
slightly dried layer and (b) 311 minutes after a second layer was applied to 
a completely dry layer.
The figures show the water volume fraction profiles calculated as de­
scribed from the data measured for conventional intensity profiles measured 
186 and 311 minutes after the application of a second layer of pure acrylic 
emulsion over a completely dry first layer. The intensity and therefore the 
water volume fraction in each case has reached its final stable value. The 
initial magnetisation at each point is calculated from the sum of the de­
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cay amplitude and the baseline offset. The upper region in each re-wetting 
experiment profile (above approximately 220 microns in Figure 5.10(b), for 
example) is occupied by the fully wet second layer, whose water volume frac­
tion is known. The mean magnetisation of this region is used to calibrate the 
water volume fraction scale for each profile. This allows the final stable water 
volume fraction layer in the re-wet layer to be estimated (it is approximately 
0.19 for the profile in Figure 5.10(b)) from the mean of the magnetisation 
values of the points in the lower part of the profile. The same method can 
be used to calculate the intial (at the time of application of the second layer) 
and final water volume fractions of the re-wet layers for any given re-wetting 
experiment.
Figures 5.11(a) and (b) show the calculated final water volume fraction 
values for the experiments where emulsion blend one layers were re-wet at 
the lowest and highest water fraction values that were tried.
The profiles shown in Figures 5.11(a) and (b) were recorded 216 and 93 
minutes after the second layers were applied respectively. The difference in 
the delay times are due to the variations in the time it took for the signal 
intensity/water volume fraction in the re-wet layers to stabilise. These vari­
ations do not seem to be related to the water volume fraction at the time 
of re-wetting. It is impossible to be certain, based on the current data, but 
it appears that the delay is longer for thicker films, where there is simply 
more material for the moisture to penetrate before the stable water volume 
fraction value is reached throughout the re-wet layer. The gradient in water 
volume fraction present in the GARField profiles from this experiment (see 
Section 5.2) is still apparent in Figure 5.11(b), though it is perhaps not so
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Figure 5.11: Water volume fraction calculated from MR signal decay fit func­
tion parameters for a range of points through the depth of a layer emulsion 
blend 1 (a) 216 minutes after a second layer was applied to a slightly dried 
layer and (b) 93 minutes after a second layer was applied to a completely dry 
layer.
clear here. When summarizing the data from this experiment the mean of 
the values across the re-wet layer was used despite this gradient. Equivalent 
profiles from the experiments with emulsion blend two are shown in Fig­
ures 5.12(a) and (b). In these cases, the profiles were recorded 94 and 188 
minutes after application of the second layers respectively.
The final mean stable water volume fraction after re-wetting for each of 
the experiments with each sample have been calculated from the magnetisa­
tion profiles in Figures 5.10 to 5.12. They are listed in Table 5.4 and plotted
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Figure 5.12: Water volume fraction calculated from MR signal decay fit func­
tion parameters for a range of points through the depth of a layer of emulsion 
blend 2 (a) 94 minutes after a second layer was applied to a slightly dried 
layer and (b) 188 minutes after a second layer was applied to a completely 
dry layer.
in Figures 5.13(a), (b) and (c) respectively, together with least squares linear 
fits to the data.
As before, the plots in Figures 5.13(a), (b) and (c) each include a single 
point for an unchanging wet layer. They each show substantially the same 
relationship as was indicated when the water volume fractions in the layers 
were estimated from the GARField profile intensities, supporting those re­
sults. The fit lines for Figures 5.13(a) to (c) are of course straight lines of
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Sample Initial water volume Final water volume Change in water volume
material fraction, fraction, fraction,
0.00 ±  0.01 0.18 ±0.01 0.18 ±0.01
Pure 0.12 ±0.01 0.24 ±0.01 0.12 ±0.01
acrylic 0.35 ±  0.02 0.43 ±  0.01 0.08 ±  0.02
emulsion 0.42 ±0.01 0.46 ±0.01 0.04 ±  0.01
0.44 ±0.01 0.48 ±  0.01 0.04 ±0.01
0.00 ±0.01 0.21 ±0 .02 0.21 ±0 .02
Emulsion 0.22 ±0.01 0.31 ±0.01 0.09 ±  0.01
blend 0.39 ±0.01 0.50 ±0.01 0.11 ±0.01
one 0.46 ±  0.01 0.55 ±0.01 0.06 ±0.01
0.49 ±0.01 0.53 ±0.01 0.04 ±0.01
0.00 ±0.01 0.27 ±0.01 0.27 ±0.01
Emulsion 0.16 ±0.01 0.22 ±0.03 0.06 ±  0.03
blend 0.33 ±0 .01 0.53 ±  0.01 0.20 ±0.01
two 0.37 ±0 .01 0.49 ±  0.01 0.12 ±0.01
0.44 ±  0.01 0.48 ±  0.01 0.04 ±0.01
Table 5.4: The water volume fraction in pure emulsion and blended 
layers at the time of, and long after, application of a deep second layer 
estimated from the calculated initial magnetisation profiles.
the form:
y = m x  +  c (5.2)
whose parameters are listed in Table 5.5.
Sample material Gradient, m Offset, c
Pure acrylic emulsion 0.69 0.17
Emulsion blend one 0.70 0.20
Emulsion blend two 0.62 0.23
Table 5.5: Parameters for the best fit of Equation 5.2 to the data shown in 
Figures 5.13 a), b) and c).
The linear relationship found in Section 5.4 persists in this analysis. As 
was discussed in tha t section, this is strong evidence that, on the scale of 
bulk material at least, the drying process is partially reversible. The extent
109
a)
0.6
0.4
.2^ 0.2
0.2 0.3 0.4 0.5 0.6
Initial WVF
b)
0.6
0.4
b. 0.2
0 0.1 0.2 0.3 0.4 0.5 0.6
initial WVFc)
0.6
LL 0.4
.2 0.2
0.2 0.3 0.4 0.5 0.6
Initial WVF
Figure 5.13: Water Volume Fraction (WVF) in the first layer at the time of 
application of a second layer plotted against the final WVF value reached 
in the first layer calculated from sample initial magnetisation profiles for a 
range of experiments with (a) the pure acrylic emulsion, (b) emulsion blend 
one and (c) emulsion blend two, with least square linear fits to the data (solid 
lines).
to which this is true is dictated by the extent to which drying is first allowed 
to take place. The data do not fit the behaviour that was seen by Gorce et 
al [45] in alkyd emulsions, where a discrete step up in the final water volmne 
fraction would be expected at some specific initial water volume fraction. An 
approach to understanding these results similar to that taken by Bennett et 
al [6] for their experiments with alkyd layers might suggest how this effect
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could arise. Before exploring the possibility further, some final experiments 
to investigate the reversibility of the drying process are described.
5.6 R e-w etting dry em ulsion layers after pro­
longed heating
Further re-wetting experiments were carried out on layers of the pure acrylic 
emulsion and each of the two blended emulsions in which the dry layers were 
oven heated before re-wetting. This was done in an attem pt to remove any re­
maining residual moisture and speed up the process of polymer interdiffusion. 
The objective of this process was to accelerate the drying and interdiffusion 
processes which continue for an extended period after evaporation appears to 
have ended [58]. This was expected to produce completely dry layers of each 
material, whose behaviour on application of a layer of distilled water could 
be compared to the results in Sections 5.2, 5.4 and 5.5. It was intended that 
the principle difference between layers treated in this way and those dried 
naturally without baking would be tha t the enhanced polymer interdiffusion 
would allow much more uniform and homogeneous polymer films to form, 
with reduced total pore volume and almost no moisture present.
Drying films of each of the three sample materials were profiled using the 
GARField magnet as normal, allowing the thickness of the dry films to be 
estimated from the late stage profiles. The dry layers were then transferred 
to a ventilated oven, where they were heated to approximately 120°C for six 
days. After this time, each layer was placed back in the GARField magnet.
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Distilled water was then applied dropwise to the upper surface of the baked 
sample layer, while a time series of GARField profiles was measured using the 
parameters listed in Table 3.1. Profiles for each of the materials are shown 
in Figures 5.14(a), (b) and (c).
In each case, a profile measured before the water layer was applied is 
shown (dotted lines). The other profiles were all measured after application 
of the water layer. In Figure 5.14(a), the dry layer occupies the region below 
approximately 220 microns height. In Figures 5.14(b) and (c) the dry layers 
occupy the region below approximately 140 and 105 microns height respec­
tively. In each case, this is known from the heights from profiles measured 
during drying of the sample layers (not shown), and confirmed by the posi­
tion of the lower edge of the signal produced by the water layers immediately 
after their application.
For the pure acrylic emulsion sample (Figure 5.14(a)), these profiles were 
recorded 2, 150, and 272 minutes after the water was applied. The profiles 
for 2 and 150 minutes are almost indistinguishable, though there is a slight 
increase in the signal intensity in the top of the region occupied by the dry 
layer. This persists in the layer recorded after 272 minutes. This is an 
indication tha t re-wetting is taking place to a very slight degree. In this final 
profile, the signal above the dry layer is much reduced. This is due to the 
evaporation of the water during the experiment. The fact tha t this process 
reduced the intensity as well as the thickness of the water layer is probably 
due to the edge of the shrinking water droplet crossing the sensitive region 
of the GARField probe.
In the case of emulsion blend one, (Figure 5.14(b)) the profiles after ap-
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Figure 5.14: GARField profiles of oven baked layers of pure acrylic emulsion 
(a), emulsion blend one (b), and blend two (c) after drying and baking (dotted 
line) and profiles measured after application of layers of distilled water (2, 
150, and 272 minutes after for a), 2 and 144 minutes for b), and 2 and 306 
minutes for c) - solid lines).
plication of the water were measured after 2 and 144 minutes respectively. 
As in the case of the pure acrylic emulsion, there is an increase in the signal 
intensity in the upper part of the region occupied by the dry layer during the
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experiment. The increase is much larger in this case, though it is still smaller 
than in the case of a conventionally dried layer (cf. Figures 5.2 and 5.3). The 
effects of evaporation of the water layer are clear in the 144 minute profile 
in which its top surface has become visible at a height of approximately 270 
microns.
For emulsion blend two, (Figure 5.14(c)) the profiles showing the water 
layer were measured 2 and 306 minutes after it was appplied. The result of 
adding the water is more similar to tha t for the pure acrylic emulsion: a very 
slight increase in measured signal intensity in the region of the dry layer is 
visible in the later profile.
Unfortunately it was only possible to continue these experiments for a 
couple of hours after application of the water in each case, a time limit 
imposed by its evaporation. Enclosure of water layer within a PTFE tube, 
as was done in the other re-wetting experiments, would have allowed much 
deeper layers tha t would have lasted longer. However the superglue that was 
used to seal them to the glass substrates to prevent leakage was observed 
to distort at 120°C, making this approach impossible. It proved similarly 
impossible to seal the PTFE tubes in place after heating, without affecting 
the sample layers.
These experiments do indicate that whatever degree of re-wetting does 
take place after oven heating occurs at a much slower rate than for non-oven 
heated samples. It is not possible to categorically state that the total increase 
in signal intensity after re-wetting of oven heated samples is less than that 
in non-oven heated samples. However, the slow rate of increase in signal 
intensity (and therefore, presumably water ingress) indicates tha t the water
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does not transport into the oven heated layers as easily, though, so it is likely 
that the final stable point would have occurred at a lower signal intensity 
level, and therefore water volume fraction, than in non-oven heated layers.
5.7 R e-w etting o f em ulsion layers at a range
of w ater volum e fractions: further discus­
sion
The simple approaches to modelling drying latex layers provide a basis for 
attempting to understand the results described in Section 5.4 and further 
analysed in Section 5.5. One such model has been found to reproduce the 
results in Figures 5.8 and 5.13 well.
First, it is assumed that, during drying, the film consists of two distinct 
environments: bulk material with unchanging liquid and solid volume frac­
tions, and pure solid material. As drying progresses, liquid evaporates away, 
and the volume fraction occupied by the first of these. Va , decreases, while 
th a t occupied by the second, Vb increases. Va and Vb may be found at any 
time during drying as follows. Using the same notation as in Section 2.1, the 
equation for the conservation of the total quantity of solid present is:
VA<l>1 + VB = Ho<iP, (5.3) 
This can be combined with a similar equation for the liquid part of the drying
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layer:
to give:
Va H) =  (5.4)
VB{t) -- Ho-Pt -  0° (5.5)
Equations 5.4 and 5.5 allow the total proportion of each of the two proposed 
types of regions in the drying layer to be found at any time during drying. 
It is assumed that, during re-wetting, an amount of liquid is admitted into 
the layer tha t is directly proportional to Vg, the fraction of the volume of 
the layer that is occupied by pure dry material. When this amount of liquid 
has ingressed into the original layer, a stable state is reached, and no further 
net liquid transport occurs.
The solid volume fraction of the layer in its final state, after re-wetting, 
as a function of the time th a t elapsed before re-wetting was initiated by the 
application of a second layer is then given by the ratio of the volume of solid 
in the layer to the total volume of the layer:
where Va and Vb are the values at the time that re-wetting was begun by 
application of the second layer, œr is the constant of proportionality for the 
degree of swelling tha t occurs in the purely solid part of the layer. This can 
be related to the liquid volume fraction of the rewet solid part of the original 
layer (i.e. the liquid volume fraction of the part of the layer tha t previously
116
consisted of the proportion Vg of total volume of the layer):
=, B OiR — 1a # (5.7)
wliile the liquid volume fraction of the entire layer after rewetting is of course 
given by:
(5.8)
The final post-re-wetting liquid volume fraction, calculated from Equa­
tion 5.8 has been plotted against the liquid volume fraction at the time re­
wetting was initiated provided by Equation 2.5, in Figure 5.15.
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Figure 5.15: The liquid volume fraction in a re-wet latex layer calculated 
from Equation 5.8, using <pg = 0.46 and aji = 1.22, as a function of the 
liquid volume fraction at the time th a t re-wetting was initiated.
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Clearly the relationship is very close to the apparently linear one observed 
in the experimental data shown in Figures 5.8 and 5.13. The initial solid 
volume fraction, used in the calculations is the actual value for the pure 
acrylic emulsion. The constant of proportionality for the swelling of the dry 
component in the layer at the initiation of re-wetting, 1.22, is the value that 
was found to fit best to the experimental data for tha t material. The best 
values for blends one and two are 1.25 and 1.3 respectively.
To summarize, the results seen in Sections 5.4 and 5.5 can be explained 
by the assumptions tha t during drying, the layer consists of a mixture of 
unchanged bulk material, interspersed with regions of completey dry mate­
rial, and that, during re-wetting, these dry regions absorb water equivalent 
to twenty to thirty percent of their dry volume before a stable condition is 
reached.
5.8 Conclusions: re-w etting of em ulsion lay­
ers during and after drying
It is clear from the experiments described in the preceding sections that 
dry or partially dry layers of pure and blended acrylic latexes produce a 
magnetic resonance signal after wet layers are applied on top of them. There 
is little doubt tha t this signal arises purely (or at the very least substantially) 
from the ingresss of moisture from the wet layers into the dry or partially 
dry layers, as indicated by the experiments where dry samples were re-wet by 
D2O. This interpretation of the data from the range of re-wetting experiments
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tha t have been described forms the foundation for some further conclusions.
Firstly, it is clear tha t the transition of drying layers to a completely dry 
state (as determined by the lack of a detectable magnetic resonance signal) 
is reversible, since such dry layers may be partially re-wet (see Section 5.2). 
Though this apparently completely dry state is the final state in the evap­
orative drying process, since further drying is of course impossible, other 
processes such as polymer interdiffusion and crosslinldng may continue af­
ter this point is reached. These processes hinder the re-wetting process, as 
demonstrated by the small degree of re-wetting seen in oven heated latex 
layers.
It is also clear tha t the drying process as a whole is only partially re­
versible. If this were not the case, initially dry layers would have continued 
to re-wet until they reached their original water volume fraction, and the ma­
terial in a re-wet layer would become indistinguishable from the wet material 
providing the moisture to re-wet it.
The results of the re-wetting experiments described in this chapter are 
well replicated by the simple mathematical model described in Section 5.7. 
This suggests that drying layers consist of a simple mixtmn of unchanged wet 
latex and regions of dry, purely solid material, and tha t re-wetting transfers 
an amount of liquid from the wet second layer into the dry regions of the 
original layer tha t is proportional to the amount of dry material within the 
original layer. This modelling approach leaves the mechanism tha t prevents 
dry regions from being re-wet by the surrounding wet material unexplained. 
However no such mechanism would be required if there were a continual 
exchange of particles between the wet and the dry regions, or equivalently if
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there was a continual redistribution of water through the drying layer.
In the case of the alykd latexes investigated by Bennett et al [6], all 
drying layers, whether they exhibited a gradient in water volume fraction 
during drying or not, became completely uniform at the point when they 
reached a water volume fraction of 0.15, the same value at which re-wetting 
ceased in re-wetting experiments. This was thought by those authors to 
represent the entire layer completing a transition from one physical state to 
another (bulk wet latex to a common black film in tha t case; states described 
by Sonneville-Aubrun et al [95]) before any further drying occurred. This 
does not occur in the case of either of the blended latexes investigated here. 
This fact indicates that, at least in the case of layers drying with a persistent 
gradient in water volume fraction, the equivalent physical state transition 
does not occur simultaneously throughout the drying layer in these materials.
If this transition does not occur simultaneously throughout layers with a 
water volume fraction gradient, there is no reason to think tha t it necessarily 
should in the case of layers drying with uniform water volume fraction. If 
drying layers that are uniform in water volume fraction contain regions of 
material in a range of physical states, such regions would have to be small 
and randomly distributed through the depth of the layer or they would have 
been detected by GARField magnetic resonance profiling, since one of their 
defining characteristics is their differing water volume fraction.
The differences in the behaviour of the alkyd latexes and the acrylic 
based latexes - particularly the fact tha t all of the alkyd layers investigated 
by Gorce et al [45] formed a uniform layer at some point during drying - 
suggest strongly tha t different structures are formed during drying in each
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of the two types of material. Nuclear magnetic resonance techniques might 
provide a means to further investigate the structure of these materials during 
drying. Since both of the physical states tha t seem to be present in drying 
layers are distinguishable by the differing degree of confinement of water, 
diffusion or relaxation measurements designed to elucidate the structure of 
porous materials, such as those described in Chapter 7, might be applicable 
to these problems.
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Chapter 6
G AR Field M R  studies of film  
formation: the spatial 
distribution of particles in 
drying latex films
6.1 Introduction
The drying model of Routh et al [89] for film forming materials was described 
in Section 2.1.3. A key prediction of this model is the formation of a step 
seperating an upper layer of closely packed particles and a lower layer of 
dilute particles. The sharpness of the step, reflected in the water volume 
fraction gradient in the intermediate region, is predicted to increase with 
the Peclet number. This chapter describes experimental work to test this 
prediction.
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6.1 .1  M ateria ls and m eth o d s
The properties of the latex used for the work presented in this chapter are 
listed in Table 6.1. Due to the fact tha t room temperature in the labora­
tory is close to the glass transition temperature of the polymer, the polymer 
component of the material is best characterised as having been in the form 
of soft particles during the experiments. The latex is based on a copolymer 
of butyl acrylate, methyl methacrylate, and methacrylic acid.
Property Value
Polymer Tg (°C) 20
Mean particle size (nm) 50
Total solid volume fraction 0.4
Solvent H2O
Mean bulk Ti (s) 0.48
Mean bulk T2 (s) 0.08
Table 6.1: Properties of the latex material studied in Chapter 6.
The experiments described in this chapter were all carried out using 
CARField magnetic resonance profiling exactly as described in Section 4.1.2. 
The experimental parameters listed in Table 3.1 were used in each case as 
before.
6.2 A n in itial stud y  o f drying latex  layers
Figures 6.1(a) and (b) show time series of CARField intensity profiles of 
the latex described in Table 6.1 drying by solvent evaporation. The profiles 
in Figure 6.1(a) were measured 2, 4, 6, 8, 10, and 13 minutes after casting 
of the latex layer, and show the gradual thinning of the film during drying 
accompanied by loss of signal intensity as normal. The first three profiles are
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of particular interest. They show the progress across the layer, from the top to 
the bottom, of the predicted step in water volume fraction across the height of 
the layer, as indicated in the Figure. The difference in water volume fraction 
between the regions above and below the transition is approximately 0.15 
units, varying over a distance of approximately 30 microns. In these three 
profiles the centre of the transition is located at approximately 200, 120, 
and 60 microns above the base of the layer respectively. Once the transition 
region has reached the base of the layer the particles throughout the layer 
are assumed to have reached close packing. Past this point, the model of 
Routh et al is no longer applicable.
The series of profiles from this experiment represent the clearest example 
of these features observed in this material. The high signal intensity region at 
the base of the layer represents a base region of the layer which remains at the 
water volume fraction of the original wet material. The low signal region at 
the top of the layer represents the region of randomly close packed particles or 
droplets of polymer, with water presumably occupying their interstices and 
providing the NMR signal of the region. This explanation of the observed 
features in the profiles of course rests on the assumption that the measured 
intensity is proportional to the water volume fraction in the sample.
The profiles in Figure 6.1(b) were measured 2, 6, 8, 12, 14, 16, 18, and 
23 minutes after casting. They represent a more typical series of drying 
profiles for this material. The first three profiles, recorded at similar stages 
of the drying process to those discussed above, might arguably be described 
as showing similar features. Some features tha t could be interpreted in this 
way are indicated in the Figure. The first profile shows a well defined base
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Figure 6.1: GARField profiles of layers of latex drying with a) P e =  8 ±  2 
(measured 2, 4, 6, 8, 10, and 13 minutes after casting), b) P e =  1 0 ± 2  (mea­
sured 2, 6, 8, 12, 14, 16, 18, and 23 minutes after casting), measured using 
the parameters listed in Table 3.1. Steps in signal intensity are indicated by 
arrows.
region at the initial signal intensity value of the wet material extending from 
the base of the layer to  a height of approximately 290 microns. Above this, 
there is a definite step down in intensity before the larger step marking the 
top of the layer. However, the features of the following two profiles are less 
clear. There is arguably a narrow step in intensity between base and surface 
regions, but it is difficult to objectively decide precisely were it occurs, due 
to the inevitable experimental noise in the profiles. In each of these profiles 
there are multiple variations in intensity, for example those around heights 
of 150 and 225 microns in the second profile, that confuse identification of
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the transition described by the model.
Interpretation of the GARField profiles for this material rests on the 
assumption that the measured profile intensity is proportional to the water 
volume fraction in the sample. This has been established as described in Sec­
tion 4.1.2. The water volume fraction values calculated, using Equation 4.3, 
from the heights of a time series of profiles of this material drying uniformly 
with a Peclet number of approximately 0.06 ±  0.01 are plotted against the 
mean profile intensities in Figure 6.2. This relationship is clearly linear across 
the full range of water volume fraction values encountered during drying. It 
may therefore be assumed tha t the measured intensity is indeed proportional 
to the water volume fraction in this sample.
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Figure 6.2: Comparison of the calculated water volume fraction based on 
profile width and mean profile signal intensity in a layer of the latex dry­
ing with Pe = 0.06 ±  0.01 and with the experimental parameters listed in 
Table 3.1.
The movement of the step in profile intensity in the first three profiles in 
Figure 6.1(a) has been compared to the predictions of the model. Figure 6.3 
shows these profiles on renormalised height and water volume fraction scales
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equivalent to those used in the modelling work. The times of measurement of 
the profiles were also normalised to the dimensionless timescale by express­
ing them in units of On this time scale, the profiles were measured at 
0.11, 0.21 and 0.31. The water volume fraction scale is calibrated from the 
assumption that, in each of the first two profiles, the base region of the layer 
was at the initial water volume fraction of 0.6.
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Figure 6.3: Early GARField profiles from Figure 6.1(a), showing a latex layer 
drying with Pe — 8 ±  2, normalised to the initial height of the layer. See 
accompanying discussion for further details.
Figure 6.4 shows the estimated position of the mid-point of the transition 
region against time for each of the three profiles in Figure 6.3, together with 
a least squares linear fit. The fourth point in the figure represents the initial 
condition: for a fresh wet layer, the transition height is at the top surface.
The model predicts tha t the position of the transition region is given by 
Equation 2.13 (reproduced here):
Ht (t) =  1 + (6 .1)
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Figure 6.4: Transition region position as a function of time (all in dimen­
sionless units) from the GARField profiles shown in Figure 6.3 with line of 
best fit.
where is the solid volume fraction of the wet latex, is the solid volume 
fraction of randomly close packed spherical particles, and t is the elapsed 
time. The gradient of this relationship can be calculated by differentiating 
Equation 6.1 to obtain:
dHt
dt
(p(A) (6 .2)
The actual value of (p^  ^ — 0.4 and the empirically establised value of (pi^  ^ = 
0.64 [92] then give a predicted gradient of -2.67, which matches the experi­
mentally measured value from the fit line in Figure 6.4 of —2.6 T  0.2. This 
is persuasive evidence tha t the actual processes occurring during drying are 
reflected well by the model.
The value of (pi^  ^ has so far been assumed to be tha t established for 
hard macroscopic spherical particles. Equation 6.2 can be rearranged so that 
the value of (pi^  ^ implied by the experimental measurements can instead be
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calculated; (^0) ^
Using the measured gradient ^  — —2.6, and =  0.4 as before suggests 
tha t the solid volume fraction in the surface region was approximately 0.65 ±  
0.06, which matches the expected value of 0.64.
It must be observed, though, th a t none of the profiles on which Figure 6.4 
is based (see Figure 6.3) show a totally uniform top layer. In all of them, the 
signal intensity, and therefore the water volume fraction, drops off slightly 
towards the top of the film. This decrease in water volume fraction in the 
surface region is almost certainly due to particle deformation beginning to 
reduce the available interstitial volume occupied by the water.
6.3 The transition  region: effects of varying  
the P eclet num ber
Further experiments have been carrried out where the same material was 
dried at a wider range of Peclet number values. The Peclet number of the 
drying layers was varied by the means described in Section 4.1.1, to provide as 
broad a range of values as possible. The aim was to compare the relationship 
between transition region gradient and Peclet number with tha t predicted by 
the model. As described in Section 2.1.3, the solid volume fraction gradient 
was expected to be proportional to the square root of the Peclet number.
The profiles were analysed conventionally, as described in Section 4.1.2, 
to allow the solvent evaporation rate and Peclet number to be calculated.
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The evaporation rate was then used to calculate the precise time at which 
the mid-point of the transition region in the layer was expected to be halfway 
through the depth of the drying layer. The profile measured closest to this 
time was then selected for further analysis. Profiles measured at these times 
were expected to offer the clearest view of the transition region, with rel­
atively large regions of the base and surface regions on either side making 
quantified comparisons between experiments both easier and more precise. 
The selected data were analysed using the method described in Section 5.5 
to produce calculated profiles showing the variation in water volume fraction 
with depth in the drying layer for each experiment. The height scales were 
then renormalised to the initial height of each sample layer to allow direct 
comparison with the model.
Initially, attem pts were made to measure the water volume fraction gradi­
ent in each selected profile by fitting a suitably shaped function to the data. 
The chosen function was the s-shaped Sigmoid function:
with the values for Aq- s chosen so as to provide the best fit with the data. 
This method would have allowed precise measurement of the transition re­
gion location and gradient to be made. Unfortunately this approach proved 
fruitless. As has been described, the water volume fraction in the surface 
region tends to drop off towards the top surface of the layer, rather than 
remaining fiat as both the sigmoid function and the modelled profiles do. 
This, coupled with the noise present in the data made finding stable values
130
for the four constants in Equation 6.4 impossible.
Instead of this approach, the small set of data points determined by eye 
to fall within the transition region were selected manually. A least squares 
linear fit to these points was then used to estimate the transition region 
water fraction gradient in each profile. This approach meant tha t precisely 
and systematically estimating the position of the transition region mid-point 
was impossible. Figure 6.5 shows water volume fraction profiles calculated 
from the GARField intensity profiles selected as described for four out of 
a range of experiments with differing Peclet number values. The selected 
points representing the transition regions are highlighted, and the fit lines to 
these points are shown. Note tha t these profiles were not smoothed, since 
this would clearly tend to broaden any detectable transition region slope 
detected, artificially reducing the measured gradient.
These profiles are representative both of the range of Peclet numbers 
and the range of data quality obtained in these experiments. Figure 6.5(a) 
(Pe =  0.06 ±  0.01) is typical of very low Peclet number data. The layer is 
almost completely uniform and as expected there is no distinct transition 
region. The gradient across the entire layer is therefore used for further 
analysis. Figure 6.5(b) and (d) (Pe =  3 ±  0.2 and 12 ±  2 respectively) 
both appear to show distinct transition regions, as indicated by the selected 
data points. These profiles, together with those in Figure 6.4, display the 
greatest similarity between theory and experiment tha t has been observed. 
Figure 6.5(c) (Pe =  7 ±  1) conversely shows no clearly delimited transition 
region. As in the case of very low Peclet number experiments, when this 
behaviour was observed, the water volume fraction gradient across the entire
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Figure 6.5: Profiles of water volume fraction (WVF), calculated as described 
in Section 5.5, in drying layers at the time in each case when the transition 
region is expected to have reached halfway through the depth of the layer 
(black lines) with fit lines (straight black lines) to the selected data points 
(black circles) for a) Pe =  0.06 ±  0.01, b) P e  =  3 ±  0.2, c) Pe =  7 =h 1, and 
d) Pe =  12 ±  2.
layer was measured.
Figure 6.6 shows a log-log plot of the transition region solid volume frac­
tion gradient from each experiment against Peclet number. The solid volume 
fraction gradient is of course the negative of the water volume fraction gra­
dient. A least squares linear fit to the data is also shown. Error bars for the 
gradient measurements are based on the standard error on the mean value of 
a series of profile data sets generated by adding appropriate magnitude noise 
to measured data.
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Figure 6.6: Logio of the solid volume fraction (SVF) gradient at the time, 
during each of a range of drying experiments, when the transition region is 
expected to have reached halfway through the depth of the layer, against 
logio of the Peclet number with a least squares best fit line, whos gradient.is 
0.6 ±0.15.
Issues of data quality aside, the approximate linearity of this plot does 
suggest a power law relationship as expected, but not entirely conclusively. 
Few of the points lie on the fit line, even when the limits of error are taken 
into account. The gradient of the fit line is 0.66 ±  0.15. This matches the 
expected value of 0.5 for the predicted power law relationship. However the 
wide margin of error does not support much confidence in this result.
Unfortunately it has proved impossible to extend this series of drying 
experiments over a wider range of Peclet numbers. At the highest Peclet 
number reached, 12, the transition region was expected to traverse the height 
of the drying layer in approximately twelve and a half minutes. This not 
only limits the number of profiles tha t can be recorded, but also increases the 
problem of artefacts in the measured profiles. Each profile is measured in 112 
seconds, during which time the transition region is expected to have moved a 
distance on the order of tens of microns, producing an additional broadening
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effect on the measured gradient. This may be the cause of the higher than 
expected power in the relationship between solid volume fraction gradient 
and Peclet number, as layers with higher Peclet numbers, due to their higher 
solvent evaporation rates, suffer more from this broadening effect.
6.4 The transition  region: an alternative ma­
terial
Since the experiments described in Section 6.3 were completed, further ex­
periments of an identical nature have been carried out in collaboration with 
Ekanayake et al [34]. The profiles shown in this section were actually recorded 
as part of a parallel study and analysed in terms of the Routh drying model 
by Ekanayake et al. The sample material in these experiments was a wa­
ter based emulsion of large (180 nm diameter) polymer particles of a softer 
material than tha t described in Section 6.1.1.
Profiles from drying experiments carried out with Peclet numbers of 13 
and 49 respectively are shown in Figure 6.7. In each case, the transition 
region gradient is much more clear than for any of the experiments so far 
discussed. This appears to be due to the some difference in the composition 
of the latex material used in these experiments.
These data were analysed by measuring the transition region gradients 
from normalised GARField intensity profiles. There are two significant causes 
of broadening artefacts in GARField profiles. The first is the point spread 
function of the apparatus which includes the effects of imperfect sample lev-
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Figure 6.7: Profiles measured during drying experiments at Peclet numbers 
of 13 (solid line) and 49 (dotted line).
elling. This affects all features of all profiles. The second cause of broadening 
is the recession of the top surface and, in the current work, of the transition 
region step during the measurement of each profile. An attem pt has been 
made to correct for this form of broadening using the geometrical approach 
illustrated in Figure 6.8.
Figure 6.8(a) shows a schematic of the profile of a drying layer. Sdry rep­
resents the slope at the top edge of the film, which is assumed to be produced 
entirely by broadening artefacts, and Sobs is the observed transition region 
gradient, consisting of the actual transition region gradient, Sact, broadened 
by the same process as Sdry This leads to the construction in Figure 6.8(b), 
which is the basis of the estimate of Sact from:
S n r . f .  ----
h
y - x (6 .5)
Figure 6.9 shows a log-log plot of the solid volume fraction gradient in the 
transition region, estimated in this way, against the Peclet number for a range
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Figure 6.8: (a) a schematic of a drying latex layer with the transition re­
gion gradient indicated and (b) the construction used to estimate the actual 
gradient from that observed experimentally.
of experiments on the same sample, together with a least squares linear fit to 
the data. Solid volume fraction gradients were calculated directly from the 
normalised measured profile intensity gradients, as before.
The linearity of the plotted data is absolutely clear in this case, providing 
strong evidence tha t there is indeed a power law relationship between the 
transition region water volume fraction gradient and the Peclet number as 
predicted by the model of Routh et al. The fit line has a gradient of 0.8. 
Similarly to tha t shown in Figure 6.6, this is slightly higher than the expected 
value of 0.5 predicted by the modelling work. Ekanayake et al [34] conjectured 
tha t this could be caused by a systematic error in the estimation of the 
Peclet numbers due to particle accumulation at the surface of the films early 
in drying. If this were occurring, the profiles from which E  was estimated
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Figure 6.9: Logio of the solid volume fraction (SVF) gradient against logio 
of the Peclet number.
would show slower evaporation rates than if evaporation were occurring freely, 
reducing the estimates of E  and Pe. Such an error would be greater for larger 
Peclet numbers, and might therefore lead to the altered relationship tha t was 
observed between the solid volume fraction and the Peclet number.
6.5 Conclusions: th e spatial d istribution of 
particles in drying la tex  films
Many experimental observations from GARField profiles now indicate that 
behaviour similar to tha t predicted by the model of Routh et al does indeed 
occur in some drying latex systems. Profiles such as those in Figure 6.3 show 
the presence of the base and surface regions described by the model, and of 
the transition step between the two. The velocity of the receding transition 
region in tha t particular example also matches the predictions of the model 
extremely well. As has been discussed (see Section 4.3), some of the samples
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of emulsion blend one studied in Chapters 4 and 5 also seemed to exhibit the 
behaviour predicted by Routh et al, though less distinctly.
Attempts to establish the precise power law relationship between the 
transition region water fraction gradient and the Peclet number yielded re­
sults tha t are slightly more ambiguous. In both of the materials for which 
this relationship was studied, a power law was indicated. However, also in 
both materials, the precise power tha t emerged from the data was higher 
than predicted. The profile broadening effects described in Section 6.4 could 
conceivably have raised the power in the first case. The degree of artificial 
broadening is expected to increase with the evaporation rate and therefore 
the Peclet number. This additional effect would distort the measured re­
lationship, as discussed in Section 6.3. However, in the case of the second 
sample material (see Figure 6.9), artificial broadening was compensated for, 
but a similar result was still found. However, this disparity might be ex­
plained by systematic errors in the estimation of the solvent evaporation 
rate tha t would be difficult to eliminate experimentally.
It is strange tha t the type of behaviour predicted by Routh et al has not 
been observed before in any of the many latex systems that have been studied 
using GARField. It is also striking tha t the different materials studied here 
(including emulsion blend one, as described in Chapter 4) show these effects 
with such varying clarity. Indeed, neither the pure acrylic emulsion nor 
emulsion blend two (see Sections 4.2 and 4.4) show a step in profile intensity 
in any of the drying experiments so far conducted. The only conclusion 
tha t can be drawn from these facts is tha t one or more other processes, not 
accounted for by the current model of Routh et al, must modify the drying
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behaviour of these systems.
One effect tha t might disturb the formation of a close packed surface layer 
is convection within the drying material. Solvent circulating convectively 
might redistribute the particles throughout the depth of the layer, though 
such effects would not be expected to vary greatly between different water 
based latexes. A more likely explanation lies in the differing compositions of 
the sample materials. The pure and blended emulsions studied in Chapters 4 
and 5, and indeed many of the systems studied using CARField in the past, 
are components of commercial paint products, and as such are designed to 
remain stable, i.e. so tha t particle flocculation is minimised. This is probably 
the factor that prevents close packing of the polymer particles in materials 
tha t have not exliibited the transition region step in water volume fraction. 
This would explain why the packed surface layer and transition step observed 
in emulsion blend one were relatively indistinct (cf. Figures 4.12(b) and 6.3), 
and why such features have not been serendipitously observed before this 
study was undertaken.
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Chapter 7 
Diffusom etry and relaxom etry  
studies of dried paints
7.1 Introduction
This chapter describes studies of full-formula emulsion paints similar to com­
mercially available interior decorating products. In contrast to the studies 
described in the preceding chapters, the aim here is to investigate the pore 
structure of the fully dried materials using ingressed water added after drying 
as a probe. In order to provide structurally contrasting samples, paints of 
greatly differing pigment volume concentration (PVC) were studied. They 
therefore varied greatly in their physical characteristics, as described in Chap­
ter 1.
A range of experimental techniques have been used. NMR diffusion mea­
surements are described first. This is an established technique for investi­
gating bulk liquids and liquids confined within the pore structure of solid
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materials, as is the case here. Some Scanning Electron Microscope (SEM) 
imaging was also performed to aid the interpretation of the data produced 
by those measurements. Finally, a range of two-dimensional relaxation and 
diffusion correlation measurements are described. This type of experiment 
has only recently become practicable due to the advent of computational al­
gorithms for performing the fast two-dimensional inverse Laplace transforms 
[94] which are necessary for interpretation of the data, as discussed in Chap­
ter 1. All of the NMR measurements discussed in this chapter were carried 
out using a 9.4 T, 400 MHz resonance frequency, Chemagnetics NMR 
spectrometer.
7 .1 .1  M ateria ls and m eth o d s
The materials studied in this chapter are two different paints manufactured 
from the same components, but in different proportions (see Table 7.1). They 
were both supplied for this study by ICI Paints. The different compositions 
are designed to produce greatly differing pigment volume concentration in 
the dried paint products. As described in Section 2.2, the higher PVC value 
indicates a m att finish paint, with a higher total pore volume, while the lower 
PVC value indicates a gloss finish paint, with a lower total pore volume. 
In materials of this composition, the critical pore volume concentration is 
approximately 50%
Layers of these materials approximately one millimetre thick were cast 
onto glass sheets using a spatula and allowed to dry. Many small pieces (each 
a few millimetre across or smaller) of the dry material were then removed
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Component 70% PVC 20% PVC
Ti0 2  (wt %) 38.6 19.3
Additives (wt %) 3.6 1.8
Latex (wt %) 1.8 23.9
Solvents (wt %) 2.6 2.9
Water (wt %) 53.4 52.1
Table 7.1: Composition of the paints studied in Chapter 7.
from the glass sheet and placed in test tubes. The total mass of dry paint in 
the sample was 0.458 g in the case of the 70% PVC paint, and 0.406 g in the 
case of the 20% PVC paint. Distilled water was added to the paint fragments 
until a high water fraction (43 wt % initially), determined gravimetrically, 
was reached. Glass rods were inserted into the test tubes and sealed in place 
with PTFE tape so tha t they were almost, but not quite, in contact with the 
paint and water mixture, as shown in Figure 7.1. This was done to reduce 
the free air volume above the sample material so as minimise the volume of 
water that could evaporate out of the paint before the air reached saturation. 
The mass of each component of the sample and container (paint, water, test 
tube, glass rod, PTFE tape, and label) were carefully measured at each stage 
to allow precise gravimetry throughout the study.
The initial water mass fraction value of 43 wt % was chosen for the 70% 
PVC paint sample since this was found to be the maximum amount of water 
tha t could be added to the dry paint before it became completely saturated 
(i.e. adding more water than this resulted in a large visible quantity of free 
water in the sample tube with paint particles floating in it). The same initial 
water fraction was used for the 20% PVC paint so that direct comparisons 
between the data could be made. After a range of experiments had been
142
PTFE
tape
paint and 
water mix
glass rod
glass tube
Figure 7.1: The apparatus used to contain paint samples for diffusion and 
two-dimensional relaxation and diffusion correlation spectroscopy measure­
ments.
conducted on each sample at the original water fraction, the glass rod was 
removed to allow evaporation to take place. Evaporation proceeded until 
some chosen water volume fraction was reached, determined gravimetrically 
as before. At this point the rod was replaced, and the sample sealed once 
again. In this way, it was usually possible to carry out a full range of ex­
periments on one particular paint sample at each of a range of water volume 
fraction values. This was done in total water mass fraction steps of 5 wt % 
for both materials, i.e. for water fractions of 43 wt %, 38 wt %, 33 wt %, 
etc.
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7.1 .2  N M R  m eth o d s  
D iffusion m easu rem en ts
Stimulated echo pulsed field gradient (STE-PFG) NMR measurements were 
made of the diffusion of water within samples prepared as described in Sec­
tion 7.1.1, using a 9.4 T, 400 MHz ^H frequency Chemagnetics NMR spec­
trometer, incorporating an 89 mm bore superconducting magnet. This sys­
tem includes radio frequency probes designed to hold the 10 mm diameter 
NMR tubes tha t contained the sample materials. The pulse sequence is 
shown in Figure 7.2. Callaghan [19] and Price [82, 83] review diffusion meth­
ods in general and include the STE-PFG pulse sequence in particular. This 
sequence is similar to the original pulsed field gradient (PFG) sequence de­
scribed by Stejskal and Tanner [96], but with 7t/2 storage and recovery pulses 
in place of the single tt pulse to allow diffusion times. A, of the same order 
as the Ti decay time constant. This is particularly useful when T\ is sig­
nificantly longer than T2 . Since T\ is always greater than or equal to T2 , 
however, this approach confers no disadvantage when this is not the case.
For a bulk liquid sample, the sequence produces a spin echo, as indicated 
in Figure 7.2, whose amplitude decays according to [41]:
/  (5, A, g ,  T,  T) = lo exp exp exp (-7V <5^ ~
(7.1)
where Iq is the initial echo signal amplitude (i.e. the amplitude of the signal 
decay), 5, A, r  and T  are the times indicated in the Figure, g is the gradient 
pulse amplitude, D  is the diffusion coefficient of the sample liquid, and 7 is
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Figure 7.2: The stimulated echo pulsed field gradient (STE-PFG) NMR pulse 
sequence for diffusion measurement.
the gyromagnetic ratio as usual. This equation incorporates both the effects 
of Ti and T2 decay, during the intervals T  and r  respectively, and the signal 
decay caused by the differing phase shifts in the processing magnetic moments 
associated with resonant nuclei due to their changing positions between the 
times of the two gradient pulses. This latter source of signal attenuation 
is the means by which the diffusion of the nuclei, and therefore the liquid 
molecules with which they are associated, may be measured.
Maintaining constant echo duration and diffusion times during an exper­
iment has the desirable result tha t the intervals T  and r  remain constant. 
Under this condition, the amount of signal attenuation caused by nuclear 
relaxation remains constant, and Equation 7.1 reduces to [19, 41]:
I { S ,A ,g )=  lo exp ( a  -  0  £>) (7.2)
The diffusion coefficient of a bulk liquid sample may therefore be found from
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the variation in measured echo intensities over a range of gradient strength 
values.
The parameters used for all STE-PFG diffusion measurements presented 
in this chapter are listed in Table 7.2. In an ideal measurement, the gradient 
pulses would have infinitesimal duration, so that magnetic moment phase 
shifts could be induced in magnetically resonant nuclei according precisely 
to their position with respect to the magnetic field gradient. Since this is 
impossible, and the nuclei are therefore in motion during the gradient pulses, 
the phase shift in the magnetic moment associated with each nucleus is ac­
tually given by the result of an integration of the magnetic field experienced 
by the nuclei over the duration of the pulse. Glearly, this varies due to the 
very molecular motion under study. The closest to the ideal tha t can be at­
tained is given by using the shortest possible gradient pulses tha t still result 
in significant signal attenuation at the highest gradient strength available.
Parameter Value
J  pulse duration {/j,s) 16
Gradient pulse duration, 6 (ms) 10
Diffusion time, A (ms) 45
No. gradient strength values, Ng 15
Minimum gradient strength (x 10“  ^ T/m ) 1
Maximum gradient strength (x  10“  ^ T/m ) 60
Number of acquisitions, N s 32
Repetition delay time, t r  ( s ) 10
Table 7.2: Pulse sequence parameters for STE-PFG diffusion measurements.
The diffusion time. A, on the other hand, should ideally be long so that 
the motion of each nucleus during this time is significantly larger than that 
which occurs during the gradient pulses to minimise the effect of the latter.
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When, as is presently the case, the diffusion measurement is used to investi­
gate the effects of restriction of the liquid by a porous material the diffusion 
time must also be maximised to ensure that restriction effects are seen. This 
means that A must be sufficiently long tha t the the majority of nuclei en­
closed within a given pore diffuse far enough to come into contact with the 
pore walls.
Figure 7.3(a) shows the measured echo amplitudes from such an exper­
iment on a sample of the 70% PVC paint prepared as described in Sec­
tion 7.1.1. In this experiment the gradient strength, g, has been varied on a 
logarithmic scale from 0.01 to 0.6 T /m . All experimental parameters were 
as listed in Table 7.2. Figure 7.3(b) shows a plot of the attenuation function 
against the log of the normalised echo intensities. The attenuation function 
corresponds precisely to the b-factor or b-value used to determine the degree 
of diffusion weighting in diffusion MRI [9], and is given by:
F(ff,<5,A) =  p V < S M A - ^ )  (7.3)
The value of the diffusion coefficient, D  (in m^ s“^), in Equation 7.2 is then 
given directly by the gradient of a line through the data points in the figure.
The decay in echo intensities is clearly more complex than tha t implied 
by Equation 7.2. It is consistent with the effects of confinement of the water 
in the sample within pores in the paint. For low gradient strengths, up to 
approximately 0.05 T /m , the echo intensities decay in the manner expected 
for bulk water. The gradient of this region of Figure 7.3(b) is approximately 
—1.4 X  10“®, suggesting bulk liquid diffusion with a diffusion coefficient of
147
(D 0.75
G 0.2 0.4 0.6
Gradient strength (T/m)
0 4e+10 8e+10 1.2e+11
Attenuation function (s/m2)
Figure 7.3: a) Echo intensities (normalised to the first echo) recorded from 
a STE-PFG experiment on a dried sample of 70% PVC paint with 43 
wt % added water and b) attenuation function (see Equation 7.3) against 
In (normalised echo intensities) such tha t the gradient equals the diffusion 
coefficient for bulk liquid.
approximately 1.4 x 10“® m^/s, close to the value for pure water at normal 
room temperature and atmospheric pressure (approximately 2.3 x 10“® m^/s 
[61]). As higher gradient strengths are reached, the effects of an increasing 
proportion of the water molecules within the sample coming into contact 
with confining boundaries become more significant, and the echo intensities 
no longer decay as rapidly. Alternative methods of analysis are necessary 
to extract quantitative information about the confining pore structure from 
this type of data.
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Murday and Cotts [75] were the first authors to analyse the effects of 
confinement on liquid diffusion within spherical boundaries, deriving an ap­
proximate expression to enable them to determine the diffusion coefficient 
of a liquid in dispersion by comparison of data from dispersions of differ­
ing droplet sizes. Callaghan [17] made a study of restricted diffusion within 
planar, cylindrical, and spherical boundaries. He derived exact functions for 
each case, but their complexity renders them unsuitable for the analysis of 
data from the STE-PFG experiment. Instead, the approach tha t has been 
used here to analyse such data is identical to that used by Ciampi [26]. It 
is based on the following function for signal attenuation due to diffusion of 
liquid within spherical pores given by Callaghan et al [21]:
= (7.4)
where r is the pore radius. It is a good approximation to a function derived 
by Tanner and Stejskal [98] tha t is exact, but only in the long diffusion time 
limit, i.e. when A > r^/6D  and A  »  6. Equation 7.4 can be evaluated for 
the Gaussian distribution of pore radii given by:
where tq is the mean pore radius and a  is the standard deviation of the 
distribution. The function for the spin echo attenuation given by Ciampi for
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this case is:
" =^ Vi+W
where 0^ =
Since the samples described in Section 7.1.1 contained small but visible 
amounts of free water, the best description of the echo attenuation in these 
diffusion measurements is given by:
+/o exp -  0
with 0^ = as before. This function contains a term for diffusion of
liquid confined within spherical pores (equal to Equation 7.6) and a term for 
bulk liquid diffusion (equal to Equation 7.2). Iq and I q are amplitudes for the 
restricted and bulk component terms respectively. Equation 7.7 enables the 
values of the parameters IJ, r , <j, Iq and D  to be estimated from experiments 
by selecting the values tha t fit the measured data best. A non-linear curve 
fitting approach, as implemented in XMGR, has been used to carry out this 
process. Figure 7.4 shows the data from Figure 7.3(a) together with the best 
fit of Equation 7.7 to it as an example of this process.
W ith appropriate values for the five variable parameters, the function 
fits the complex decay of the echo intensities extremely well, far better than 
either of Equations 7.2 or 7.6 alone. Before considering estimates of the best 
fit values of these parameters, some general observations must be made. The
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Figure 7.4: STE-PFG echo intensities as a function of gradient strength for 
A =  45 ms together with the best fit of Equation 7.7 to the data (solid 
line, with =  0.19 a.u., r =  2.9 /nn, cr =  1.0 /i in, Iq =  0.85 a.u. and 
D =  1.9 X  10-9 ing/s). Dry 70% PVC sample with 43 wt % water added.
two terms of Equation 7.7 relate to quite distinct situations. The bulk liquid 
diffusion function provides the most accurate measurement of the diffusion 
coefficient when the signal to noise ratio is highest. Provided tha t sufficient 
echo signal decay occurs for it to be accurately measured, such measurements 
are therefore best carried out with lower diffusion times. This would be 
a trivial observation, were it not for the fact tha t the restricted diffusion 
term in the equation is most accurate in the long diffusion time limit (when 
A > r^/QD and A > >  <5). Of course this does not mean tha t restricted 
diffusion measurements are immune to the effects of the signal to noise ratio, 
but there is an optimum between the two factors. This means tha t the 
parameters Iq, r and a might be expected to be more accurate as the diffusion 
time is raised, while the parameters I q and D  would be expected to be more 
accurate for lower diffusion times.
In order to confirm tha t the detected NMR signal is due entirely to water.
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Figure 7.5: Frequency spectra of each of the recorded signal echoes from a 
diffusion measurement on the 20% PVC paint.
the frequency spectra of the series of echoes from diffusion measurements on 
these samples have been studied. The central region of the spectra from an 
experiment on a 20% PVC paint sample with a total water fraction of 33 wt 
% are shown in Figure 7.5. This region contains the only feature visible in the 
spectra. This peak decays rapidly away as the gradient strength is increased, 
reflecting a diffusion coefficient close to tha t of water. This indicates that 
it reflects the signal from the water in the sample. The absence of signal at 
the highest gradient strength value indicates tha t this peak does not include 
a significant contribution from the relatively immobile nuclei of the solid 
material. It may therefore be concluded tha t any signal contribution from 
the solid material is relatively negligible, and may be discounted in any NMR 
data analysis. T hat similar results were seen in the 70% PVC material is to
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be expected, since it consists of the same components.
Differences in the magnetic susceptibility of materials can lead to un­
wanted localised field gradients at the boundaries between them. Chen et 
al [24] made comparisons of the frequency shift caused by the magnetic sus­
ceptibilities of various materials with respect to that caused by the magnetic 
susceptibility of water. For the case of acrylic polymers, the frequency shift 
relative to tha t of water was found to be 0.003 ppm. At 400 MHz, this 
equates to a field strength difference of 1.2 Hz within the polymer and water 
in the sample. Over a length scale of 1 yum, this leads to a gradient strength 
of approximately 2.8 x 10“  ^ T /m . This is smaller than the experimentally 
applied field gradients for all but the first echoes measured in each diffusion 
experiment. Magnetic susceptibility induced ffed gradients are therefore not 
expected to have a great effect on the data acquired. As will be seen, the 
diffusion coefficient of free water found from these diffusion measurements is 
in good agreement with previous measurments (such as tha t by Krynicki et al 
[61]). This could not be the case if magnetic susceptibility induced gradients 
were significantly affecting the data.
Ti — T2 m easurem ents
These measurements belong to a general class of NMR experiments whose 
central concept is to correlate two physical parameters each of which is en­
coded using a combination of RF pulses. The encoding of each of the pa­
rameters occurs separately in distinct parts of the pulse sequence. Figure 7.6 
shows the general form of such an experiment together with the specific pulse 
sequence for a Ti — T2 relaxation correlation measurement. It starts with a tt
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inversion pulse preceding an adjustable delay time, This is the Ti encod­
ing part of the sequence. The T2 encoding part of the sequence consists of a 
CPMG sequence, as seen in Figure 3.4(b). The first |  pulse in the CPMG 
part of the sequence rotates the remaining longitudinal magnetisation into 
the lateral plane precisely as in the inversion recovery sequence shown in 
Figure 3.5. The amplitude of the series of measured spin echoes decaying by 
spin-spin relaxation over the timescale T2  are therefore themselves attenuated 
according to the degree of spin-lattice relaxation tha t occurs during the time 
period T%.
a)
Parameter 1 
encoding
Parameter 2 
encoding
b)K nl2 K It 71
Echo Echo
Figure 7.6: a) This type of experiment is split into the two parameter en­
coding periods with an optional delay period in between (not present in this 
case), b) the Ti — Tg two-dimensional relaxation correlation measurement 
pulse sequence.
In a two-dimensional experiment, in which T% and T2 are both indepen­
dently varied over a given range, the result is an array of measured spin
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echoes whose amplitudes take the form:
M (n .T 2 )=  J I  ( l - 2 e x p ( ^ ) ) e x p ( ^ ) F ( r i , r 2 ) d T i d 'A + S ( r . , r 2 )
(7.8)
where F  (Ti, is the probability density of molecules with relaxation times 
Ti and Ti and T7 (Ti, Tg) is the experimental noise [35]. The algorithm de­
scribed by Song et al [94] for performing fast Laplace inversions on two 
dimensional data sets allows this equation to be solved for F  (Ti, Ti), under 
a nonnegativity constraint [94]. A more detailed discussion of the algorithm 
is given by Venkataramanan et al in [100].
Parameter Value
1 pulse duration (/is) 16
7T pulse duration (/rs) 36
No. T i  values, 24
Minimum r i  delay time (ms) 1
Maximum r i  delay time (s) 10
No. echoes, Njs 64
First echo time (ms) 0.4
Last echo time (ms) 5405
Number of acquisitions, Ns 64
Repetition delay time, t r  ( s ) 10
Table 7.3: Pulse sequence parameters for Ti — Ti measurements.
This technique allows the detection and measurement of populations of 
nuclei with distinct Ti and Ti components in a given sample, with the ability 
to distinguish nuclei with differing time constants for one relaxation mecha­
nism whose time constants in the other are identical. The effects of chemical 
exchange between nuclear populations or correlations between the two relax­
ation mechanisms over the whole sample may therefore also be investigated.
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Exchange between two reservoirs of differing relaxation time constants is ex­
pected to give rise to  two additional peaks in the Ti — T2  spectrum, such 
tha t all four possible combinations of the Ti and T2 time constants are rep­
resented. However, recent work by Monteilhet et al [73] suggests tha t the 
single peak for which Ti < T2  would have a negative amplitude. As such, it 
will not appear in spectra produced using the algorithm of Song et al [94]. 
However, exchange effects were not observed in any of the measurements 
presented here.
Ti — T2 correlation spectroscopy measurements have been made of the 
magnetic resonance signal from paint samples prepared as described in Sec­
tion 7.1.1, using a 400 MHz ^H resonance frequency NMR spectrometer. The 
parameters used for these measurements are listed in Table 7.3. Figure 7.7 
shows simulated echo amplitudes for a sample of nuclei with Ti =  1.5 s and 
T2 =  1 s for the range of inversion times, r j , and echo times, T2 used for the 
actual experiments, together with their Laplace inverted Ti — T2 spectrum. 
The data modelling was carried out using a MATLAB program written by 
the current author for the purpose of testing the fast Laplace inversion al­
gorithm. The spectrum clearly shows a single peak associated with those Ti 
and T2 decay time constants.
The robustness of the Laplace inversion algorithm was tested for more 
realistic cases by adding DC offsets or noise to the echo amplitudes shown 
in Figure 7.7 a). Figures 7.8 a) and b) show Ti — T2 spectra of the data 
with offsets of 0.25% and 2.5% of the maximum echo amplitude respectively. 
Figures 7.8 c) and d) show spectra of the same data with added noise of 
rms values of 0.25% and 2.5% of the maximum echo amplitude respectively.
156
Tau 2 (s) Tau 1(s)
10
10"
10
10
b)
10
/ '
/ '/ '
.........^  .0........
/ 'X ' ;
10 10 10 
T, (s)
10
Figure 7.7: a) Simulated data for the — T2 two-dimensional relaxation 
correlation measurement pulse sequence for nuclei with T\ =  1.5 s and T 2 — I 
s. b) The Ti — T2 spectrum resulting from the Laplace inversion of a). The 
diagonal line is where T\ ~  T2 . The solid horizontal line indicates the line 
beyond which theLaplace inversion is not reliable due to a lack of data for 
this timescale.
Since none of the spectra differ significantly from tha t shown in Figure 7.7 
b), the Laplace inversion algorithm may be assumed to be robust under these 
circumstances.
Ti—diffusion m easurem ents
Figure 7.9 shows a T i—diffusion correlation measurement pulse sequence. It 
works on the same general principle as the T\ — T2  pulse sequence shown in
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Figure 7.8: Laplace inversions of the data shown in Figure 7.7 a) with offsets 
of a) 0.25% and b) 2.5% of the maximum amplitude of the data added, and 
with noise of rms of c) 0.25% and d) 2.5% of the maximum amplitude of the 
data added.
Figure 7.6, in tha t it consists of an inversion recovery sequence whose final 
I  pulse also acts as the excitation pulse of a second pulse sequence. In this 
case the second sequence is a STE-PFG diffusion measurement sequence, as 
shown in Figure 7.2.
Song et al [94] suggested tha t their fast Laplace inversion algorithm might 
be equally applicable to kernel functions of different forms to those in Equa­
tion 7.8. This approach was first investigated by Song’s co-authors, Hurli-
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Figure 7.9: The Ti-diffusion correlation measurement pulse sequence.
mann and Venkataramanan [56]. By replacing the second kernel of Equa­
tion 7.8 so tha t it becomes:
M  (ji.TpJ = 1 -  2exp I exp } F (T i,  V ] d T id g + E ( n ,d )Ti
(7.9)
where g is the varied quantity (gradient strength) and D* is the diffusion ker­
nel decay constant. This can be solved for F{Ti,D*),  the probability density 
of molecules with spin-lattice relaxation time Ti and diffusion kernel decay 
constant D*. This allows the analysis of the signal from the pulse sequence in 
Figure 7.2 in order to correlate the Ti relaxation time with molecular diffu­
sion decay constants in the sample. After the fast Laplace inversion has been 
carried out, the data is modified to reflect the actual bulk liquid diffusion
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coefficient (in m^/s) using:
D = (A -  ( |) )D *  X 1Q4 (7.10)
Ti-diffusion correlation measurements have been used in parallel with the 
diffusion and Ti — T2 relaxation correlation measurements already described 
to investigate the dried and re-wet paint samples described in Section 7.1.1. 
While in [51], the problem of relaxation time constant assignment is dis­
cussed, this difficulty is greatly reduced where multiple experiments are car­
ried out on the same samples, combining Ti, Tg, and diffusion coefficient 
measurements, due to the ability to correlate information between the data 
different data sets. The parameters used for the Ti-diffnsion measurements 
are listed in Table 7.4.
Parameter Value
1 pulse duration (/is) 16
7T pulse duration (/xs) 36
No. Ti values, 24
Minimum t j  delay time (ms) 1
Maximum ri delay time (s) 10
Gradient duration, ô  (ms) 10
Diffusion time, A (ms) 175
No. gradient strength values, Ng 15
Minimum gradient strength (x 10“  ^ T /m ) 1
Maximum gradient strength (x 10“  ^ T /m ) 60
Number of acquisitions, Ns 32
Repetition delay time, t / i  (s ) 10
Table 7.4: Pulse sequence parameters for T i—diffusion measurements.
Due to the nature of the STE-PFG pulse sequence, one acquisition yields 
only one echo, unlike the case of the CPMG sequence, where a full echo train
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is produced by a single acquisition. A full experiment therefore requires 
Tr  X Ns x N g X  Nri acquisitions. This leads to a total acquisition time on the 
order of 32 hours for the parameters listed in Table 7.4. It is for this reason 
that a larger number of acquisitions was not employed.
Figure 7.10 shows simulated data for a sample with Ti ^  1.5 s and a self 
diffusion coefficient, of 2.5 x 10“® m^/s, produced by the same program 
as the simulated Ti — T2 data in Figure 7.7. Clearly the two data sets are 
very similar, since the diffusion decay function has a similar form to that 
for the T2  decay. The diffusion decay is very rapid, and reaches close to 
zero amplitude at a point low on the gradient scale. This is due to the fast 
diffusion coefficient used in modelling the data, which is similar to that of 
bulk pure water. Slower diffusing liquids or bound water of course produce 
slower decaying signals, and it is for this reason that such a wide gradient 
strength range was used for the experiments.
7.2 D iffusion m easurem ents: varying diffu­
sion tim e
To ensure tha t the diffusion measurements were carried out in the long time 
limit, a series of five diffusion measurements were made with samples of both 
the 70% and 20% PVC paints with a range of diffusion time. A, delays. 
The delay times tha t were used are 45, 100, 175, 325, and 500 ms, and each 
sample had 43 wt % added water. The objective of these measurements was 
to establish the point at which the long diffusion time limit condition could be
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Figure 7.10: a) Simulated data for the T i—diffusion correlation measurement 
pulse sequence for a liquid with Ti =  1.5 s and Dg = 1 s. b) The Ti — T2 
spectrum resulting from the Laplace inversion of a). The Ti — Tg spectrum 
resulting from the Laplace inversion of a). The diagonal line is where ~  T2 . 
The solid horizontal line indicates the line beyond which the Laplace inversion 
is not reliable due to a lack of data for this timescale.
deemed to be satisfied. Figures 7.11(a) and (b) show the echo intensities from 
these measurements as a function of gradient strength for the 70% and 20% 
PVC paint samples respectively, together with the best fit of Equation 7.7 
for each experiment. All of the echo measurements for each sample were 
normalised with respect to the amplitude of the first measured echo in the 
experiment with A =  45 ms for tha t sample.
Table 7.5 lists the values of the five parameters from Equation 7.7 that 
provided the best fit to the data. A reduction in the amplitudes of both 
diffusion function components was observed as the diffusion time was in­
creased. This was due to the greater attenuation of the nuclear magneti­
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Figure 7.11: STE-PFG echo intensities as a function of gradient strength 
for A =  45 (series with highest echo intensities), 100, 175, 325, and 500 ms 
(series with lowest echo intensities). Sample materials are a) Dry 70% PVC 
sample with 43 wt % water added and b) Dry 20% PVC sample with 43 wt 
% water added.
sation signal during the longer periods, as described in Section 7.1.2. This 
effect almost entirely eliminates the bulk diffusion component at the highest 
diffusion time values. The reduction in signal to noise ratio th a t this entails 
causes the decrease in the bulk liquid diffusion coefficient measured with the 
longest diffusion times. The estimated pore radius value is generally higher 
at higher diffusion times, though it is clear from the tabulated values that 
there is not a simple relationship between the two parameters. To establish 
which measurements were made in the long diffusion time limit, the largest 
estimated pore radius and the diffusion coefficient of water are put into the
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criterion:
A > —  -  6D (7.11)
The term on the right hand side of the equation equals 3.2 x 10”  ^ s for 
the 70% PVC paint sample. Therefore 45 ms is quite sufficient to meet this 
criterion for the long diffusion time limit based on this range of estimated 
pore radii. The same calculation for the largest pore radius estimated for the 
20% PVC paint sample gives a result of 68 x 10“  ^s, indicating tha t the pore 
radius estimate from the measurement with the shortest diffusion time did 
not meet this long diffusion time criterion, but that the others did. However, 
the data indicate that the mean pore radius of this material is on the order of 
ten or twenty microns, far larger than expected. As described in Chapter 1, 
paints with very low pigment volume concentration are expected to have 
similarly low pore volume, in striking contradiction to this data analysis.
Sample Diffusion
time,
A (ms)
Restricted 
diffusion 
amp. Iq (a.u.)
Mean pore 
radius 
r (/nn)
Standard 
deviation of 
r, 0-
Bulk 
function 
amp. I q (a.u.)
Bulk diffusion 
coefficient 
D  (x 10“® m^/s)
45 0.19 2.9 1.0 0.85 1.9
70% PVC 100 0.18 2.6 6.8 0.35 3.6
paint 175 0.15 0.9 12.4 0.15 6.2
325 0.06 6.7 2.4 0.08 7.0
500 0.04 6.9 2.5 0.05 7.5
45 0.07 8.0 3.9 1.01 3.0
20% PVC 100 0.07 11.0 4.9 0.75 2.6
paint 175 0.07 17.7 7.9 0.49 2.2
325 0.06 24.0 9.8 0.31 1.8
500 0.05 32.9 1.3 0.20 1.7
Table 7.5: Best parameter values from fitting Equation 7.7 to STE-PFC 
diffusion measurement data with a range of diffusion times for dry 70% and 
20% PVC paint samples with 43 wt % water added.
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Shorter diffusion times than 45 ms were not investigated, due to the need 
to meet the second criterion for the long diffusion time limit (A > >  (i). 
Clearly, though all of the measurements meet the criterion, tha t with the 
shortest diffusion time value should be regarded as most accurate, due to the 
higher signal to noise ratio. The measurement of diffusion in the 70% PVC 
paint sample with a diffusion time of 175 ms illustrates this. The function 
fitting indicates pore radius and standard deviation of pore radii that are 
considerably lower and higher, respectively, than for the other measurements. 
This is probably due to the low signal to noise ratio when longer diffusion 
times are used, coupled with the sensitivity of the fitting process to the 
precise functional form of the data.
7.3 SEM  im aging studies
Prompted by the desire to check the pore sizes estimated from the diffusion 
measurements described in Section 7.2, high resolution micrographs were 
acquired of both paint materials using a Hitachi S-4000 Field Emission Scan­
ning Electron Microscope(SEM). Typical images of each of the 70%PVC and 
20%PVC paint samples are shown in Figures 7.12(a) and (b). Each image 
represents an area of 11.6 x 8.4 fim^. As the electron beam generated by 
the microscope scans across the sample, secondary electrons emitted from 
close to the surface of the sample are electrostatically accelerated towards 
a detector. The intensity value of each pixel in the reconstructed image is 
related to the detection rate measured at the equivalent point on the sample 
[44]. Image contrast is therefore strongly related to the height of features in
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the images.
a) b)
Figure 7.12: Micrographs of a) dry 70% PVC paint and b) dry 20% PVC 
paint at 10000 times magnification. Each image represents an area of 11.6 x 
8.4 /xm .^
Figures 7.12(a) and (b) clearly illustrate the difference in the physical 
structure of the two materials. The image of the 70% PVC paint shows 
many large, roughly spherical particles, each approximately half a micron in 
diameter, bound together by finer material. The Ti02 pigment particles are 
expected to behave in this way, and be bound in place by the mixture of latex 
and additives. It is therefore highly likely tha t this is what is observed in 
Figure 7.12(a). The large, irregular spaces between the clusters of particles 
are the regions in which water is enclosed during diffusion measurements. The 
apparent sizes of these spaces casts some doubt on the calculated pore radii 
listed in Table 7.5. None appear as large as the fitted radius values (a few 
microns). However, they are clearly not perfectly spherical, as assumed for 
Equation 7.7. They are also apparently interlinked, and would therefore allow
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some water molecules to traverse greater distances than would otherwise be 
possible.
The image of the 20% PVC paint, on the other hand, appears to show 
far fewer particles, similar in size to those present in the image of the 70% 
PVC paint. Small clusters of these particles are surrounded by large dark 
areas, in which further large particles are visible with reduced image intensity. 
Further examination of this material at higher magnification, up to 70000 
times, yielded images such as Figure 7.13. This image represents an area of 
1.7 X  1.2 /xm .^
Figure 7.13: Micrograph of dry 20% PVC paint at 70000 times magnification. 
The image represents an area of 1.7 x 1.2 /xm .^
This image shows small dark, crack like features across the surface of the 
sample. These are surface features in the layer of gold, tens of nanometres 
thick, sputter coated on to the sample material in order to conduct away 
excess charge built up by the SEM electron beam. The same features are
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visible across the surfaces of both of the materials shown in Figure 7.12 if they 
are studied with sufficiently high magnification. The fact tha t they are also 
present in the dark regions in Figure 7.12(b) indicates that these regions do 
not represent cavities in the surface of the material, but are instead occupied 
by some substance. It is therefore likely tha t these regions consist entirely of 
the mixture of latex and additives tha t constitutes the film forming part of 
the paint mixture. Their darkness is due to the fact tha t they are lower lying 
than the clusters of large particles that protrude through them, creating the 
brightest features in the image.
This explanation of Figure 7.12(b) is consistent with the expected small 
total pore volume of the dry 20% PVC paint. The spaces between pigment 
particles in the 20% PVC paint are filled by the latex based film forming 
material. The estimates of pore sizes based on diffusion measurements, listed 
in Table 7.5, are however clearly inconsistent with this view. This is almost 
certainly due to the low signal to noise ratio of the diffusion measurement 
data. Once the gradient strength is great enough to suppress the signal from 
free water in the sample, the small population of confined water contains too 
few hydrogen nuclei to produce sufficient MR signal for such precise function 
fitting methods to work accurately.
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7.4 Diffusion m easurem ents: varying water 
fraction
No further one-dimensional diffusion measurements on the 20% PVC paint 
are discussed here. Attempts to make such measurements were thwarted by 
the low signal levels remaining after the bulk water signal was attenuated, 
which made fitting processes, or any other quantitative analysis, impossible. 
Figure 7.14 shows the measured echo intensities as a function of gradient 
strength for a series of diffusion measurements on the 70% PVC paint sam­
ple, each carried out with a different water fraction. The measured echo 
intensities recorded from the 70% PVC paint sample data are all normalised 
with respect to tha t of the first measured echo in the experiment with the 
highest water fraction (i.e. the eclio recorded with 43 wt % water in the 
sample, with a gradient strength of 0.01 T /m ). The line through each set 
of points is the best fit of Equation 7.7 to tha t set, obtained as described in 
Section 7.1.2.
In general form, the decay of the NMR signal intensity as the gradient 
strength is increased is similar to those seen in Section 7.2. Table 7.6 lists 
the parameters of the best fit functions in Figure 7.14 to the data.
As the water fraction is reduced, all of the fit function parameters de­
crease. The decrease in the amplitudes of the decays as the water fraction 
is reduced is due to the smaller population of excited hydrogen nuclei asso­
ciated with the water, and is entirely expected. The reduction in the bulk 
water component might have been expected; as water is evaporated away 
from the sample, a distillation is effectively occming, increasing the quantity
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Figure 7.14: STE-PFG echo intensities as a function of gradient strength for 
total added water mass fractions of 43% (series with highest echo intensities), 
38%, 33% and 28% (series with lowest echo intensities). The sample material 
is dry 70% PVC paint with added water.
Water Restricted Mean pore Standard Bulk Bulk diffusion
mass diffusion radius deviation of function coefficient
fraction amp. Iq (a.u.) r  (//m) r, a  (/nil) amp. Iq (a.u.) D  (x 10~® m^/s)
0.43 0.19 2.9 1.0 0.85 1.9
0.38 0.12 2.3 0.6 0.36 1.6
0.33 0.07 2.0 0.7 0.07 1.2
0.28 0.07 1.3 1.9 0.03 0.8
Table 7.6: Best parameter values from fitting Equation 7.7 to STE-PFG 
diffusion measurement data with a range of sample water mass fractions for 
dry 70% PVC paint with a diffusion time, A, of 45 ms.
of contaminants in the water. Surfactants and particles of other material 
from the dry paint would all contribute to a lowering of the bulk diffusion 
coefficient of the water as their concentration increased. The decrease in the 
pore radius and standard deviation of pore radii were not expected. The 
most likely explanation is tha t the reduction in total sample water volume 
leads to partial filling of pores, resulting in greater restriction on the move­
ment of the water. It is also possible tha t some rewetting of the latex binder
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in the paint, as studied in Chapter 5, occurs at higher water fractions. This 
might allow the pores to expand, though it is not clear that, if this were the 
case, the paint would shrink back down again whilst partially saturated with 
water.
An analysis of the total pore volume can be attempted from each diffusion 
experiment if it is assumed tha t the bulk and restricted diffusion function 
components accurately reflect the quantities of water external to the paint 
pore structure and confined within it respectively. Under this assumption, 
the total mass of confined water is given by the total mass of water in the 
sample multiplied by the amplitude of the restricted diffusion function as a 
fraction of the amplitude of the combined fit function. Since the density of 
water (1000 kg/ni^) and the mass and density (3160 kg/m^) of the paint are 
known, the total volume of paint in the sample and the total volume of water 
confined within it can be found. The results are shown in Table 7.7.
Water Mass of Volume of Volume of Pore volume
fraction water (g) confined water (m^) paint (m8) fraction
0 . 4 3 0 . 1 9 7 3 . 6  X  1 0 - 8 1 .4 5  X  1 0 - 7 0.20
0 . 3 8 0 . 1 7 4 4 . 4  X  1 0 - 8 1 .4 5  X  1 0 - 7 0.23
0 . 3 3 0 . 1 5 1 7 . 6  X  1 0 - 8 1 .4 5  X  1 0 - 7 0.34
0 . 2 8 0 . 1 2 8 3 . 8  X  1 0 - 8 1 . 4 5  X  1 0 - 7 0.21
Table 7.7: Estimates of the total pore volume of the 70% PVC paint from 
diffusion measurements.
These four results taken together suggest a pore volume fraction of 0.25 ±  
0.03, though this value may be skewed by the outlying value for the diffusion 
measurement with a sample water mass fraction of 33%, or alternatively by 
the small number of measurements on which it is based. This interpreta­
tion of the data is in conflict with the previous analysis (Table 7.6) which
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suggested tha t the pores were swelled at higher water volume fraction, or 
tha t they were partially filled at lower water volume fraction. While the 
pore volume fraction values in Table 7.7 do not show a clear relationship 
to the sample water fraction, they do not conclusively show a stable con­
stant value either. The possibility tha t reduced swelling of the paint at low 
water fractions is masked by simultaneous partial pore filling must also be 
acknowledged.
7.5 T1 —T2 correlation m easurem ents
— T2  measurements were made in parallel with the diffusion measurements 
described in Section 7.4 as the total water fraction of the samples were re­
duced in 5 wt % steps. Figures 7.15 (a) to (d) show the — T2 correlation 
spectra for experiments carried out on the 70% PVC paint with total sam­
ple water mass fractions of 43%, 38%, 33% and 28% respectively, using the 
parameters listed in Table 7.3. The matrices plotted in the figures are the 
direct outputs of the fast Laplace inversion algorithm. In each plot, the solid 
vertical and horizontal lines mark the limits beyond which the data should 
not be considered reliable, determined according to the range of and T2 
times for which signal echoes were measured during the experiment. The 
diagonal dot-dashed line indicates the points where T\ — T2 . The z-axis rep­
resents the relative abundance of nuclei with each particular combination of 
Ti and T2 values.
The simplicity of the plots stands in stark contrast to those published in 
previous studies of materials such as cement pastes [68] and foodstuffs [57].
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Figure 7.15: T 1 — T2  relaxation correlation measurements for 70% PVC paint 
with a) 43 wt %, b) 38 wt %, c) 33 wt % and d) 28 wt % added water.
In each plot, two signal components are resolved, each with similar Tj times 
and differing T2 times. The implication is that there are two distinct non­
exchanging populations of nuclei within the sample. Given that, as has been 
discussed in Section 7.1.2, all but a negligible pait of the total measured signal 
is due to the water in the sample, this indicates that there are two distinct 
molecular environments occupied by the water. This correlates well with the 
observation of restricted and free diffusion from the one-dimensional diffusion 
measurements discussed in Sections 7.2 and 7.4. Figures 7.16(a) to (d) and 
7.17(a) and (b) show T\ — T2  spectra for the 20% PVC paint samples with
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total water mass fractions of 43%, 38%, 33%, 28%, 23% and 18% respectively.
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Figure 7.16: T1 - T 2 relaxation correlation measurements for 20% PVC paint 
with a) 43 wt %, b) 38 wt %, c) 33 wt % and d) 28 wt % added water.
The upper peak showed a consistent progression in its position on the 
plots as the water fraction was reduced. The T2 and, to a slightly lesser ex­
tent, Ti values associated with the peak were reduced, so that the upper peak 
gradually moved closer to the lower peak. There is some indication that the 
Ti value of the lower peak underwent a slight decrease as the water fraction 
was reduced. The T2  value of the lower peak remained constant throughout 
the series of experiments. Equivalent plots for Ti — Tg correlation measure­
ments on the 20% PVC sample with total water volume fractions of 43%,
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38%, 33%, 28%, 23% and 18%, are shown in Figures 7.16 and 7.17. There are 
two distinct pealcs visible in the figures tha t progressed identically to those 
seen for the 70% PVC paint as the sample water fraction was reduced.
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Figure 7.17: Ti — T2 relaxation correlation measurements for 20% PVC paint 
with a) 23 wt % and b) 18 wt % added water.
As the lowest mass fractions are reached, a small third component is ob­
served in the Ti —T  ^spectra for the 20% PVC. Equivalent low water fraction 
plots for the 70% PVC sample are not shown here, since their low signal to 
noise ratio resulted in extremely indistinct peaks in the relaxation spectra 
tha t were difficult to successfully analyse or interpret. It is impossible, given 
the small amplitudes of the additional peaks in Figure 7.17, to be confident 
that they are not artefacts of the low signal to noise ratio of the data when 
less water was present.
The mean Ti and T2 values of each of the pealcs in the foregoing figures are 
plotted in Figure 7.18 in order to show their evolution as the water content 
of the sample is reduced. This motion matches the interpretation of the data 
from the diffusion measmements. The peak with the longer relaxation time
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Figure 7.18: Positions of mean peak values in the Ti — T2 correlation spectra 
a) for 70% PVC paint b) for 20 % PVC paint. Circles are for peaks found 
in samples containing 43 wt % mass of water, squares for 38 wt % water, 
diamonds for 33 wt %, triangles for 28 wt %, for 23 wt % and ’x ’ for 18 
wt %. Note that the last two only apply to the 20 % PVC sample.
constants is consistent with the free water population whose presence was 
indicated by those measurements. The peak with shorter relaxation times 
therefore represents water tha t can interact more easily with the solid paint 
material in order to relax more quickly from the excited state. This second 
population is therefore identified with the confined water. The reduction of 
the relaxation times in the free water component, which may be seen clearly 
in Figures 7.18 is due to the increase in impurities as pure water is evaporated 
away from the sample.
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Water Mass of Volume of Volume of Pore volume
fraction water (g) confined water (m^) paint (m8) fraction
7 0 %  PVC paint
0 . 4 3 0 . 1 9 7 1 . 0 7  X  1 0 - 7 1 .4 5  X  1 0 - 7 0.42
0 . 3 8 0 . 1 7 4 1 . 0 4  X  1 0 - 7 1 .4 5  X  1 0 - 7 0.42
0 . 3 3 0 . 1 5 1 1 . 0 2  X  1 0 - 7 1 .4 5  X  1 0 - 7 0.41
0 . 2 8 0 . 1 2 8 1 . 0 8  X  1 0 - 7 1 .4 5  X  1 0 - 7 0.43
2 0 %  PVC paint
0 . 4 3 0 . 1 7 5 3 . 9 6  X  1 0 - s 2 . 5 1  X  1 0 - 7 0.14
0 . 3 8 0 . 1 5 4 4 . 0 7  X  1 0 - B 2 . 5 1  X  1 0 - 7 0.14
0 . 3 3 0 . 1 3 4 3 . 9 4  X  1 0 - 8 2 .5 1  X  1 0 - 7 0.14
0 . 2 8 0 . 1 1 4 3 . 8 8  X  1 0 - 8 2 . 5 1  X  1 0 - 7 0.13
0 . 2 3 0 . 0 9 3 3 . 5 8  X  1 0 - 8 2 . 5 1  X  1 0 - 7 0.12
0 . 1 8 0 . 0 7 3 4 . 3 4  X  1 0 - 8 2 . 5 1  X  1 0 - 7 0.15
Table 7.8: Estimates of the total pore volume of the 70% PVC and 20% PVC 
paints from Ti — T2  correlation measurements.
Table 7.8 shows the results of a similar analysis to tha t used in Section 7.4 
to attem pt to estimate the total pore volume. Proceeding as before with the 
assumption tha t the amplitudes of the single peaks with high T’l and Tg time 
constants from each experiment is proportional to the mass of free water, and 
tha t the total of the amplitudes of the other peaks in each plot is proportional 
to the mass of the confined water, leads to the pore volume fraction values 
listed in the table. The mean values of each set of measurements suggest a 
pore volume fraction of 0.42 ±  0.01 for the 70% PVC paint, and 0.14 ±  0.01 
for the 20% PVC paint. These values are both larger than those indicated 
by the diffusion measurements. Given the greater signal to noise ratio of the 
Ti — T2  measurements, and the lower variability of the pore volume fractions 
they produced, it is likely tha t these values more closely reflect the truth.
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7.6 Ti—diffusion correlation m easurem ents
Figures 7.19(a) to (d) show T i—diffusion correlation spectra for the 70% PVC 
paint sample at total water mass fractions of 43%, 38%, 33% and 28%. The 
vertical lines indicate the limitations imposed by the maximum and minimum 
Ti delay times and gradient strengths respectively. The z-axis represents 
the relative abundance of nuclei with each combination of Ti and diffusion 
coefficient values.
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Figure 7.19: T^—diffusion correlation measurements for 70% PVC paint with 
a) 43 wt %, b) 38 wt %, c) 33 wt % and d) 28 wt % added water.
As discussed in Section 7.1.2, the signal to noise ratio is low in these
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experiments, due to the time constraints imposed by the pulse sequence. The 
effect on the data quality is obvious, particularly in the first and last plots in 
this series. In general, two relaxation spectral peaks are observed. The two 
peaks can be correlated with the two signal components seen in the diffusion 
and T'l — Tg measurements described in this chapter, since each coordinate of 
the Ti—diffusion spectrum appears in one of the other experiments. These 
data support the previous assignment of the two components to bulk and 
free water respectively. The diffusion coefficient of the upper peak is close to 
tha t of water, as expected from the free water component in the sample. The 
Ti time constant is close to the peak assigned to free water in the Ti — T2 
measurement. The lower peak has a considerably lower apparent diffusion 
coefficient, as might be expected from enclosed water, and slightly lower Ti 
time constant. The Ti components are less well separated than those seen 
in the Ti — T2  measurements, however. This may be due to the lower level 
of sampling in the T i—diffusion sequence, which leads to lower resolution 
spectra.
Figures 7.20 and 7.21 show the results of identical measurements on the 
20% PVC paint sample. It is not until quite low total water mass fractions 
are reached that more than one signal component can be discerned. This is 
most likely a reflection of the small total volume of confined water in this 
material, a result of the smaller total pore volume. When the water content 
is reduced below 33 wt %, more structure does appear in the spectra, but it 
is in general indistinct.
It is difficult to reconcile the many small peaks in some of these mea­
surements with the much clearer data from the Ti — Tg measurements. If
179
a) b)
(Dc5
%o
Ü
co
10
10
■w 10
lËQ
10“ '*  10“ ^  10“ ^  10“ * 10°  10*
■910
-1010
-1110
Û
10“ '*  10“ ^  10“ ^  10“ * 10°  10*
T, (s) 
C)
T, (s) 
d)
iICJ1 o
■ |  10“ **
10
10
lËQ
3>
w
s
#
10 '* 10“ °  10“ °  10“ * 10°  10*
(/>
CME ,-9"c<uo
%oo
c01 Q
-10
-11
10“ '*  10“ °  10“ °  10“ * 10°  10*
T^(S) T, (s)
Figure 7.20: T i—diffusion correlation measurements for 20% PVC paint with 
a) 43 wt %, b) 38 wt %, c) 33 wt % and d) 28 wt % added water.
there were many populations of nuclei moving with many different diffusion 
coefficients, it would be expected that they would produce at least a broad 
distribution of relaxation times, but this is absolutely not observed in the 
Ti — T2  measurements.
Similar methods to those used to analyse the other NMR data in this 
chapter have been used to produce an estimate of the total pore volume in 
the two paint samples from the T i—diffusion data. The results are listed in 
Table 7.9. The resulting mean total pore volumes are 0.30 ±  0.06 for the 70% 
PVC paint and 0.05 ±  0.02 for the 20 % PVC paint. Clearly the low signal
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Figure 7.21; T i—diffusion correlation measurements for 20% PVC paint with 
a) 23 wt % and b) 18 wt % added water.
to noise ratio of these measurements will have impacted on these results, a 
fact reflected in the wide error margins.
7.7 Conclusions: diffusom etry and relaxom - 
etry studies o f dried paints
There are clearly two separate molecular environments occupied by water 
within the dried emulsion paint samples. This is indicated by the distinct 
NMR signal components associated with their hydrogen nuclei, which have 
been resolved in the analysis of all three types of NMR data. The individual 
molecular diffusion coefficients and nuclear relaxation times estimated from 
these data indicate the presence of populations of free and restricted water 
within the dried paint. The free water can be correlated with the observation 
of droplets of water in the sample tubes tha t had not soaked into the dried 
paint material.
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Water Mass of Volume of Volume of Pore volume
fraction water (g) confined water (m^) paint (m8) fraction
7 0 %  PVC paint
0 . 4 3 0 . 1 9 7 5 . 4 0  X  1 0 - * 1 .4 5  X  1 0 - 7 0 . 2 7
0 . 3 8 0 . 1 7 4 7 . 6 0  X  1 0 - 8 1 .4 5  X  1 0 - 7 0 . 3 4
0 . 3 3 0 . 1 5 1 1 . 1 0  X  1 0 - 7 1 .4 5  X  1 0 - 7 0 . 4 3
0 . 2 8 0 . 1 2 8 2 . 4 8  X  1 0 - 8 1 .4 5  X  1 0 - 7 0 . 1 5
2 0 %  PVC paint
0 . 4 3 0 . 1 7 5 0 2 . 5 1  X  1 0 - 7 0
0 . 3 8 0 . 1 5 4 9 . 0 1  X  1 0 - 8 2 . 5 1  X  1 0 - 7 0 . 0 3
0 . 3 3 0 . 1 3 4 8 . 4 1  X  1 0 - 8 2 . 5 1  X  1 0 - 7 0 . 0 3
0 . 2 8 0 . 1 1 4 3 . 0 7  X  1 0 - 8 2 . 5 1  X  1 0 - 7 0 . 1 1
0 . 2 3 0 . 0 9 3 2 . 7 7  X  1 0 - 8 2 . 5 1  X  1 0 - 7 0 . 1 0
0 . 1 8 0 . 0 7 3 0 2 . 5 1  X  1 0 - 7 0
Table 7.9: Estimates of the total pore volume of the 70% PVC and 20% PVC 
paints from T'l—diffusion correlation measurements.
It proved impossible to resolve more than one distinct component of re­
stricted water, suggesting tha t even if there is a wide range of pore sizes 
within either material, the NMR signal is produced almost entirely by water 
within a relatively narrow range of pore sizes (i.e. within one order of magni­
tude). Since the signal intensity is approximately proportional to the volume 
of water present in the sample, this suggests that this one narrow range of 
pore sizes occupies the vast majority of the total pore volume in the paints. 
It is of course possible tha t there is a large population of extremely small 
pores, such as the so-called gel pores in cementitious materials, where the 
nuclear relaxation time could be such tha t it would not be detected in these 
experiments. Such a possibility is difficult to rule out using the currently 
available techniques.
The series of diffusion measurements where the diffusion time was varied 
(see Section 7.2) allowed estimates of the parameters of the pore size dis­
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tribution to be made. The mean pore radius found in the 70% PVC paint 
(approximately 2 to 3 microns) is plausible in the light of the SEM imaging 
work undertaken. That found for the 20% PVC paint, on the other hand 
is emphatically not. This illustrates the difficulty and sensitivity of fitting 
complex functions to noisy data. The low signal remaining after the bulk 
water signal was attenuated by the PFG-STE sequence was clearly severely 
masked by the noise, preventing a good fit to the data from being obtained.
The analysis of the data from the diffusion measurements undertaken 
on the 70% PVC paint with a range of water mass fractions is not entirely 
persuasive. It seems to indicate th a t partial filling of pores at low water 
fractions, or swelling of the paint at high water fractions, is taking place, so 
tha t the size of the individual pores is varying across the range of experi­
ments. However, this is refuted by the total pore volume estimates from the 
T\ — Tg measurements, which indicate a very stable total pore volume in the 
material across the whole range of water fractions. Indeed the stability of 
these estimates, coupled with the high signal to noise ratio of the T\ — T2  
measurements, reflected in the relatively low error margins, makes these the 
most plausible of the attem pts to establish the pore volume fraction.
The two dimensional relaxation and diffusion measurements have proved 
problematic techniques with the materials under study. The low information 
content of the inverted data is due to the relative simplicity of the pore 
structure of the materials. In materials where there is great variation in the 
molecular environment, such as the cements already mentioned, a great deal 
of structure is present in the inverted spectra. However, the data obtained 
during this study have enabled insight into the paints studied. The total
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pore volume fraction of each of the two materials obtained from the Ti — T2 
correlation measurements are 0.42 ±  0.01 for the 70% PVC paint and 0.14 
±  0,01 for the 20% PVC paint. Similar interpretation of the diffusion and 
T i—diffusion correlation data have yielded less consistent results tha t conflict 
with these estimates. This is due to the lower signal to noise ratio of the data 
in the case of the T i—diffusion measurements, and to the smaller quantity 
of data in the case of the diffusion measurements (15 data points for each 
diffusion measurement compared to 24x64 =  1536 data points for each T 1 —T2  
measurement).
It seems clear from the Ti — T2 to tal pore volume fraction estimates 
tha t there is no gross contraction of the structure of the paints as water is 
evaporated away from the sample. This suggests that they did not swell 
significantly when re-wet, though given the results presented in Chapter 5, 
it is likely tha t the polymer components of the paints did swell during this 
process.
The T i—diffusion measurements may have contributed further to these 
insights, were it not for the low signal to noise ratio of the data. This factor 
is always important in the measurement of parameters such as the diffusion 
coefficient, where the available signal must be greatly attenuated in order to 
obtain the desired information. Measures such as increasing the total sample 
volume might enable some improvement in the application of such methods 
to these sample materials, but it is difficult to imagine how sufficiently great 
an improvement could be made to yield data of such high quality as tha t 
from the Ti — T2 measurements.
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Chapter 8
Conclusions
8.1 G A R Field  M R  studies o f film formation: 
pure and blended acrylic em ulsions
The Peclet number calculated for a pure or blended latex drying under a 
given set of conditions was found to give a good general indication of the 
behaviour tha t can be expected during drying as predicted by Routh and 
Russel [87]. For each material, higher Peclet numbers were associated with 
higher water volume fraction gradients than those seen at lower Peclet num­
bers, as expected. The observation of this general behaviour in the three 
latexes studied here matches previous observations of drying alkyd latexes in 
the literature [45, 6].
Large variations in the particular water fraction gradient found in dif­
ferent materials during drying at any particular Peclet number value were 
observed. These differences may be ascribed to factors that are not accounted
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for in the simple Peclet number concept. For example, differences in the me­
chanical and electrostatic properties of the component parts of a given latex 
are likely to alter the viscosity of the liquid and the balance of forces be­
tween droplet/ particles of polymer. Such factors could alter the behaviour 
of a drying layer significantly.
8.2 R e-w etting o f pure and blended acrylic
em ulsions during and after drying
Latex layers that were dried sufficiently tha t no moisture could be detected 
by MR profiling were found to re-wet when moist material was applied to 
them. In all of the cases investigated, such dried layers would re-wet to a 
particular water volume fraction value, and no further. The precise value 
depended on the material. This indicates that at some point in the drying 
process, an irreversible transition in physical state is passed.
Layers of each material tha t were re-wet before they were completely dry 
were found to reach a water volume fraction that increased linearly with the 
water volume fraction in the layer at the time tha t re-wetting was initiated 
by application of moist material. A mathematical model representing drying 
layers as a mixture of unchanged wet material and regions of purely solid dry 
material that, on re-wetting, could accomodate an amomit of water propor­
tional to their volume, replicated these results well. This is strong evidence 
tha t the physical structure of the drying layers is inhomogeneous. The fact 
that, prior to re-wetting, some of the drying layers yielded uniform MR pro-
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files suggests tha t regions of differing material structure must be distributed 
throughout the depth of the layer.
8.3 G A R Field  M R  studies o f film formation: 
the spatial d istribution  o f particles in dry­
ing latex  films
Features that closely resemble the transition in water volume fraction pre­
dicted by Routh and Zimmerman [89] to appear within drying layers have 
been observed in GARField profiles of drying latexes. However, it has proved 
difficult to establish the precise relationship between water volume fraction 
gradient and Peclet number in such experiments. This difficulty is due to 
the conflict between making the transition region gradient sufficiently high 
for the feature to be unambiguously identified, and sufficiently small for the 
extent of the region to allow the gradient itself to be accurately quantified.
8.4 D iffusom etry and relaxom etry studies of 
dried paints
In each of the three types of NMR measurements carried out, the detected 
signal was produced by a combination of free and confined water. The free 
water could be correlated with the small (tenths of millimetres) droplets of 
water visible within the sample tubes. Fitting the diffusion measurement 
data to suitable models suggested tha t the confined water within the 70%
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PVC paint occupied pores with a mean radius between 2 and 3 microns, 
an estimate supported by the analysis of SEM micrographs. The pore dis­
tribution was apparently mono-modal (though a multmiodal distribution in 
which the modes are closely distributed cannot be ruled out on the basis of 
the current data) with a standard deviation of approximately 1 micron. The 
total pore volume of the 20%PVC paint was too small for similar methods to 
yield reliable estimates of the pore size, though SEM micrographs indicate 
tha t the size of any pores must be considerably smaller (less than tenths of 
microns).
Analysis of the data from correlated T\ — T2  spectra indicated tha t the 
total pore volume was not changing during the series of measurements; i.e. 
individual pores were not shrinking as the water evaporated from the sam­
ple. This suggests tha t the sample as a whole did not swell greatly during 
rewetting, though it is likely, given the results presented in Chapter 5, that 
the polymer component at least did swell at that point. This data indicated 
tha t the total pore volume fraction of the 70% and 20% PVC paints were 
0.42 dh 0.01 and 0.14 ±  0.01 respectively.
8.5 Future work
The work presented in the Chapter 4 has shown in a range of latex mate­
rials that the homogeneity of a layer in the early stages of drying and film 
formation is determined by the balance of the two competing processes of 
solvent evaporation and particle diffusion. To progress further in this area, 
further insight is required into the relationship between the experimentally
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measured Peclet number and the degree of homogeneity, in terms of water 
volume fraction, in drying layers. Experiments with simpler latex systems 
might enable such factors as the stability of the emulsion to be studied in 
isolation.
The behaviour of such latex films on re-wetting has been shown to be con­
siderably more complex tha t was expected. The model proposed in Chapter 5 
suggests tha t the film consists of a mixture of material in two distinct states, 
with two distinct water volume fractions, but that these states are homoge­
neously distributed through the film. Relaxation and diffusion correlation 
and exchange experiments, such as those described in Chapter 7 would be 
ideally suited to an attem pt to detect these two distinct molecular environ­
ments.
Attempts to discover a step in water volume fracion in drying latex films 
due to the formation of a crust during drying, as described in Chapter 6 might 
be fruitfully continued. It is likely th a t the principal factor in preventing this 
type of feature from being identified in many other materials is tha t their 
stability prevents particle flocculation near the surface of the drying layer. 
If this were the case, it would be expected tha t latexes that remain stable 
for the longest periods would be the least likely to exliibit the water volume 
fraction transition region during drying. It might therefore be easier to detect 
such features in those films tha t are least stable.
All of the work described in Chapters 4 to 6 have broadened knowledge 
of the behaviour of latexes during drying and re-wetting. This knowledge is 
of course of use to the sponsor of this work, ICI Paints. The work described 
in Chapter 7 represents the first use of the techniques described in that
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chapter to study film forming materials and paints. Further work comparing 
the results of these techniques to those obtained by other methods would 
be useful in determining the utility of NMR measurements for studying the 
physical structure of these materials, and their suitability for industrial use.
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